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ABSTRACT

Three different lignocellulosic feedstocks – switchgrass, sweet sorghum bagasse
and pine wood chips, were analyzed for the production of bioproducts (sugars and
enzymes). High sugar content of these feedstocks could be utilized either in the
production of enzymes, biofuel and paper/pulp. Utilization of lignocellulosic feedstock in
any production processes require preprocessing to remove phenolic compounds (lignin).
Lignin acts as a barrier and protects the structure of polysaccharides from oxidation.
Removal of lignin (delignification) leads to maximum utilization of lignocellulosic
polysaccharides, mainly glucan and xylan in bioproducts production.
The effect of pretreatment on ground switchgrass were evaluated through enzyme
production and sugar production (through enzyme hydrolysis). A concentration of 4.5
wt% NH4OH (SAA-pretreatment) was applied. SAA-treated and untreated switchgrass
(0.5-1.0 mm) were utilized for cellulase production using T. reesei Rut C-30. Enzyme
activities of 1.34 FPU/mL and 0.37 FPU/mL were observed for SAA-treated and
untreated switchgrass particles, respectively. A significant difference was observed
between SAA-treated to untreated switchgrass particles. Temperature and pH controlled
enzyme fermentation resulted in 1.80 FPU/mL of enzyme activity. The generated
fermented cellulase broth was utilized for enzyme hydrolysis using SAA-treated
switchgrass. The total enzymatic digestibility test resulted in 46 wt% and 54 wt% sugar
recovery with 4.5 FPU of cellulase per g-biomass enzyme loading without externally
added β-glucosidase and with externally added β-glucosidase (0.3 mL, enzyme activity=
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900 pNPG U), respectively. A separate enzyme hydrolysis study was performed on SAAtreated switchgrass using Accellerase® 1500 at four different enzyme loadings. The total
conversion of SAA-treated biomass was observed at 44 wt%. These experiments
suggested the importance of pretreatment in both cellulase production and enzyme
hydrolysis.
In the continuation, sweet sorghum bagasse was analyzed at 3 different
pretreatment conditions: - 3.75 wt% NH4OH, 7.5 wt % NH4OH and 15 wt% NH4OH. All
pretreatments were performed at 60oC for 15 hours. SAA-treated solids were hydrolyzed
at enzyme loadings of 20 FPU per g of biomass, 40 FPU per g of biomass and 80 FPU
per g of biomass. The enzyme hydrolysis resulted in 71 wt% / 55 wt% of glucan
conversion/ total polysaccharide conversion, respectively, at 15 wt% NH4OH
pretreatment and 80 FPU per g biomass. In addition, the biomass residue decreases to 50
wt% after the enzyme hydrolysis for 15 wt% NH4OH-treated bagasse at enzyme loading
of 80 FPU per g biomass.
Ground loblolly pine wood chips were evaluated using AHP-pretreatment and
EHOs-pretreatment at 78 oC for 24 h. Enzyme hydrolysis of EHOs-treated and AHPtreated solids resulted in 91/41 wt% and 75/28 wt% of total cellulose / total hemicellulose
conversion at 72 hours, respectively. The combined effects of ethanol concentration,
potassium hydroxide (KOH) concentration, hydrogen peroxide (H2O2) concentration and
temperature were found through enzymatic hydrolysis of pine wood chips. In 95%
confidence interval, the maximum total polysaccharide conversion was predicted for 33.0
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vol% ethanol + 3.8 wt% H2O2 + 3.5 wt% KOH, temperature = 67.4°C, pretreatment time
= 24 h with. 69.1 wt%.
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CHAPTER ONE
LITERATURE REVIEW
1.1. Introduction
In the 21st century, renewable sources of energy will be required to fulfill the
rapidly growing energy requirements of both developing and developed nations
worldwide (Organization for Economic Co-operation and Development (OECD),
International Energy Agency 2013). Fossil fuels must be phased out to avoid further
increases in global greenhouse gas concentrations that severely threaten biodiversity and
provide a sustainable economic future for the planet (Randers, 2012). Biofuels,
particularly ethanol and biodiesel for transportation and biomass-based energy for power
provide an attractive alternative to current fuels derived from non-renewable resources.
Presently, most of the ethanol production from biomass in the U.S. is derived from corn
(Jain et al. 2013a). Both instabilities in an ecosystem and corn dominance in the industrial
products have led to higher prices for all products that utilize corn (Hill 2009; Jain et al.
2013a).
Biofuels have received more attention due to its renewable characteristics and the
inherent ability to reduce greenhouse gas emissions and geopolitical concerns. Significant
quantities of lignocellulosic biomass such as sweet sorghum bagasse, corn fiber, corn
stover, wheat straw, rice straw, and soybean residues are routinely burned as waste,
which not only wastes a potential source of biofuel feedstock, but also leads to
environmental and health concerns (Claassen et al. 1999). In addition, biomass such as
woody biomass can be sustainably produced in sub-tropical regions of the world,
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including the United States. At present, lignocellulosic biomass has a worldwide annual
production of 107 gigatons (Harmsen et al. 2010). Earth’s terrestrial carbon potentially
used in photosynthesis amounts to approximately 3,170 gigatons with 2,500 gigatons
located in soils, 560 gigatons in plant matter and 110 gigatons in microbial matter such as
marine microalgae species (Jansson et al. 2010). According to Osburn (1993), if 6% of
U.S. contiguous land is converted for the cultivation of lignocellulosic biomass and
microalgae, all demands for gas and oil could be supplied with no net addition of carbon
dioxide to the environment. Woody biomass presents several favorable possibilities for
biofuel production due to its high proportion of convertible polysaccharides.
A gradual shift to biomass sources for biofuel production from crops that are used
in food production such as corn requiring excessive inputs to lignocellulosic biomass is
currently taking place. By utilizing current technologies, the production costs of ethanol
from lignocellulosic biomass are relatively high, primarily due to the cost of cellulose
separation, chemicals and energy usage, hydrolysis, and considerable waste production
(Sun and Cheng 2002, Harmsen et al. 2010). However, the cost of biofuels compared to a
decade ago has dropped by more than 50% with improvement in technologies and less
energy intensive pretreatment process, such as soaking in aqueous ammonium hydroxide
(SAA) at moderate temperature.
The greatest challenge for biofuels is to better engineer the energy and food
systems for the stability of the ecosystem. By 2050, conservative estimates show that the
world energy supply will increase from about 10% to 40% renewable with about half of
that in the form of stored solar or biomass where lignocellulosic biomass plays an
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important role. Renewable energy sources will makeup to a considerable proportion of
the total energy by middle of the 21st century.

1.2. Chemical composition and structure of lignocellulosic biomass
Lignocellulosic biomass (such as woods, herbaceous crops, cereal crops, red
algae, municipal solid waste components) consists of lignin, hemicellulose and cellulose
that provide the structural framework of plant matter (Chandrakant and Bisaria 1998,
Vane 2005). Cellulose, hemicelluloses and lignin content varies from feedstock to
feedstock (Table 1.1). Softwood has the highest lignin content compared to any other
lignocellulosic biomass.
South Carolina encompasses a wide range of lignocellulosic feedstocks including
switchgrass, sweet sorghum bagasse and pine wood (Alden 1997, Sherman and French
2010, Keshwani and Cheng 2009). Production of these feedstocks could be utilized in
biofuel production and create a good opportunity to merge different industries such as
textiles, paper/pulp, carbon fiber and pharmaceuticals. The involvement of these
industries depends on the process efficiency and the generation of desired products (such
as ethanol, enzyme, and pulp)/byproducts (such as lignin) from the process. Switchgrass,
sweet sorghum bagasse and loblolly pine, has been explored for biofuel production
processes (Guald 1984; Dale et al. US Patent 2009/0053771 A1; Kim et al. 2006, 2008,
Kim and Lee 2007; Jain et al. 2013b).
Switchgrass (Panicum virgatum L.) and other native grasses are perennial warm
season herbaceous crops, distributed from North America to Mexico. Switchgrass has the
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ability to tolerate drought, prevent soil erosion and high yield with low fertilizer
requirement make it a good potential biofuel crop. Switchgrass typically contains 3337% cellulose, 24-40% hemicellulose and 12-19% lignin (Adler et al. 2006; Dien et al.
2006; Schmer et al. 2007).
Sweet sorghum is a warm seasonal crop that matures in a 3-4 month of
cultivation. Sweet sorghum syrup has a potential market value similar to sugarcane syrup.
A typical sweet sorghum bagasse (after juice extraction) contains 35-40% cellulose, 2022% hemicellulose and 11-20% lignin, depending upon both the plant source and
extraction method. Similar to switchgrass, sweet sorghum has the adaptability to subhumid and semi-arid climates, high yield with low fertilizer input, low water
requirements and short cultivation periods are key advantages for using it as a biofuel
crop especially in South Carolina (Wu et al. 2011a; Lau et al. 2006).
Loblolly pine (Pinus taeda) grows in humid, warm-temperature climates with
long, hot summers and mild winters like those of South Carolina. Loblolly pine is the
single most popular species in pulp/paper production. In the US, loblolly pine grows in
14 states. The distribution of loblolly pine from southern New Jersey to central Florida
and from west to Texas (Alden 1997). Loblolly pine is a fast-growing tree and can reach
heights ranging from 18-30 m with diameters between 0.3 to 1.5 m (Alden 1997) in the
period of 30-60 years, depending on the geographic conditions and location. A typical
composition of loblolly pine is of 45-50% cellulose, 25-35% hemicellulose and 25-35%
lignin (Sun and Cheng, 2002).
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A wide range of bioproducts can be derived via biological or chemical processes
using lignocellulosic feedstocks (Chandrakant and Bisaria 1998; Huber et al. 2006).
Bioproducts and fuels derived from lignocellulosic biomass are renewable, low in sulfur
content, and as efficient as many fossil fuels (Lau et al. 2006). The conversion of
lignocellulosic material to biofuel via fermentation processes is more complicated than
the hydrolysis of sugar and starch crops. Lignocellulosic materials contain more complex
sugar polymers of cellulose and hemicellulose connected with lignin (Claassen et al.
1999; Lee 2005). In addition, the different components of lignocellulosic biomass
(glucose, xylose, cellulose, and lignin) have industrial importance in the production of
many bioproducts through different processing techniques (Table 1.1).

1.2.1. Cellulose
Cellulose is a hygroscopic polyglycan. The chemical formula is (C6H10O5)n where
n = 300 to 1,700 glucose units linked together by β(1→4)-glycosidic linkages between
the first and fourth carbon atoms of adjacent glucose units (Harmsen et al. 2010). More
specifically, cellulose molecules are linear glucans ranging from 54,000 to 306,000 Da in
molecular size. Cellulose may occur in crystalline or amorphous forms where crystalline
structures are highly ordered and poorly depolymerized by cellulase when compared to
the amorphous forms. The solubility of cellulose is highly dependent on the degree of
polymerization. Crystalline and amorphous cellulose structures are governed by inter and
intra-hydroxyl groups. Amorphous cellulose has intra-polymer linkages with
hemicellulose through H-bonding that is weaker than the H-bonding found in crystalline
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cellulose. Cellulose microfibrils are usually 5-50 nm in diameter and a few microns in
length (Bidlack et al. 1992; Harmsen et al. 2010; Moon et al. 2011). The strength of plant
cell walls resulted from the intermixed microfibrils structures of both crystalline and
amorphous cellulose with hemicellulose and lignin (Lee 2005). Several polymorphs of
crystalline cellulose including I, II, III and IV have been studied. Cellulose I is the native
form and crystalline in nature. Cellulose I can be converted to cellulose II by
regeneration and mercerization processes. These processes include dissolution of
cellulose I in NaOH solution and reorganization into modified cellulose I (called
cellulose II). However, cellulose III can be generated from cellulose I or II by aqueous
ammonia pretreatment. Cellulose IV can be produced by thermal pretreatment of
cellulose III (Moon et al. 2011). Chemical conversion of cellulose I to cellulose II and III
results in efficient hydrolysis of lignocellulosic biomass (Igarashi et al. 2007).

1.2.2. Hemicellulose
Hemicellulose is a heterogeneous polymer of different polysaccharides present in
the secondary cell wall. The most common polysaccharide is xylan which co-exists with
other polysaccharides such as arabinan, galactan and mannan. The distribution of
hemicellulose polysaccharides differ based on lignocellulosic feedstock (Table 1.1). The
proportions of these polysaccharides differ significantly depending on the plant source
and method of extraction (Chandrakant and Bisaria 1998).
The crystallinity index of hemicellulose is lower than cellulose, primary because
of the highly branched structure and presence of acetyl groups within the polymer chain.
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The chemical formula of xylan is (C5H8O4)n, where n = 150-200 monomeric units
(Harmsen et al. 2010). During enzyme hydrolysis, xylan converts to water soluble
xylose with release of water (hydration factor = 0.88). Difference in crystallinity can be
utilized to separate hemicellulose content from cellulose content.

1.2.3. Lignin
Lignin is a phenolic compound composed of three-dimensional amorphous
phenylpropane units or C9 units (Figure 1.1). Phenylpropane consists of a benzene ring
with propane attached at The most common phenylpropane unit consists of p-courmaryl
alcohol, coniferyl alcohol and sinapyl alcohol units (Figure 1.1), which are not water
soluble. However, the compounds are soluble in low-molecular weight organic solvents
such as methanol and ethanol (Mantanis 1994). When lignocellulosic compounds are
hydrolyzed using strong sulfuric acid, most of the lignin is insoluble in an acid solution
and will precipitate. Small quantities of lignin, known as acid-soluble lignin (ASL)
remain in solution and would be measured using analytical methods such as National
Renewable Energy Laboratory (NREL) analytical methods (NREL 2008) to complete the
mass balance for total lignin fractions.
Lignin is intermixed with cellulose and hemicellulose polymer chains by intraand inter-polymer linkages. Lignin polymers are connected to each other mainly through
ether bonds and carbon-carbon bonds. Ether bonds constitute two-thirds of the total
bonds between the lignin monomers. In addition, lignin is connected to cellulose and
hemicellulose via hydrogen bonds and ester bonds (Gupta 2008; Harmsen et al. 2010).
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These bonds play an important role in the selection of pretreatment method to remove
lignin from the biomass.
Softwood contains higher amounts of lignin compared to hardwoods and grasses
(Table 1.1). In hardwoods, lignin is typically composed of guaiacylpropane and
syringylpropane, with a small amount of p-hydroxyphenylpropane units (Lee 2005). In
softwoods, lignin is typically constituted of guaiacylpropane with traces of phydroxyphenylpropane units (Lee 2005). Lignin composition in grasses contains both
guaiacylpropane and syringylpropane units with a small number of phydroxyphenylpropane units (Lee 2005).

1.3. Biofuel Production Processes: Pretreatment
Cellulosic ethanol production process involves a series of steps including
preprocessing of feedstock (transportation, grinding, sieving), pretreatment (chemical or
biological processes to remove lignin), enzyme hydrolysis (to produce fermentable
sugars), fermentation (for production of ethanol, biomass) and downstream processing
(separation of biomass from product, distillation, purification). The cost of ethanol
production using lignocellulosic feedstock is relatively high with lower yield based on the
current technologies. The main costs are associated with pretreatment, enzyme
hydrolysis costs, fermentation and downstream processing of lignocellulosic feedstock.

1.3.1. Importance of Pretreatment
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Most biofuel processes currently being developed require pretreatment process
followed by hydrolysis to produce monomeric sugars. The goal of any pretreatment is to
separate the polysaccharide matrix of cellulose and hemicellulose from lignin and to
loosen the structure enabling sites for chemical or enzymatic catalysis. The
polysaccharide matrix may be hydrolyzed using chemical routes (such as acid hydrolysis)
or by biological enzymatic routes (Huber et al. 2006). The sugars derived from cellulose
and hemicellulose are fermented to produce a wide range of biofuels such as ethanol,
hydrogen, biodiesel via lipid biosynthesis and butanol (Chandrakant and Bisaria 1998;
Kim et al. 2008; Alvira et al. 2010; Panagiotopoulos et al. 2010; Wu et al. 2011a-b).
Many methods of chemical pretreatment have been reported, including steam
explosion, dilute acid hydrolysis, concentrated acid hydrolysis, supercritical CO2
explosion and extraction, alkaline pretreatment (sodium hydroxide, potassium hydroxide,
lime), ionic liquids, soaking in aqueous ammonia (SAA), ammonia recycle percolation
(ARP) and ammonia fiber explosion (AFEX) pretreatment (Alizadeh et al. 2005; Mosier
et al. 2005; Huber et al. 2006; Kim et al. 2006, 2007, 2008; Isci et al. 2009; Kumar et al.
2009; Singh et al. 2009; Alvira et al. 2010; Digman et al. 2010 Panagiotopoulos et al.
2010; Wu et al.2011a-b). In many pretreatments, the formation of inhibitory compounds
such as furfural and 5-hydroxymethylfurfural (HMF) cause problems for downstream
fermentation operations at high temperatures is one of the main constraints (Mosier et al.
2005).
Lignocellulosic biomass is highly recalcitrant to fermentation due to the presence
of crystallinity of cellulose, lignin and antioxidant compounds in the plant cell.
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Moreover, woody biomass such as pinewood has an even greater microbial recalcitrance
than herbaceous biomass due to a tightly bound structure with high lignin content (Galbe
and Zacchi 2002). To enhance the release of polysaccharides from the lignocellulosic
biomass, upstream processing (including size reduction and pretreatment) is necessary for
biofuel production. For the production process to be economically feasible, total energy
consumption in the size reduction and the pretreatment steps should be minimized (Zhu
et al. 2010).
Physical pretreatment involves size reduction to increase the available surface
area for enhanced enzyme hydrolysis of plant polysaccharides. Chemical and biological
pretreatment methods are designed to liberate the convertible polysaccharide from the
protective lignin casing, as well as to reduce the crystallinity of the cellulose to make the
polysaccharides available to the hydrolyzing microorganisms (Harmsen et al. 2010;
Alvira et al. 2010; Hendriks and Zeeman 2009). Selecting a pretreatment process is
dependent on the particle size, moisture content and lignin content of the lignocellulosic
biomass.

1.3.2. Steam Explosion
Steam explosion is a physiochemical pretreatment. This pretreatment performed
in a pressurized vessel at 190-270 °C for 1-10 minutes at 200-450 psi gauge pressure. At
these conditions, the sudden release of pressure to cause an “explosion” within the
physical structure of lignocellulosic biomass. A potential drawback includes use of high
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temperature and formation of inhibitory compounds such as furfural and HMF that may
further inhibit the fermentation process.

1.3.3. Acid Pretreatment
Diluted- and concentrated-acids are used for acid pretreatment. Sulfuric,
hydrochloric and phosphoric acids are the most common types of acids used. Sulfuric
acid pretreatment for lignocellulosic biomass has been popular for many years. The use
of diluted or concentrated acids is highly dependent on the properties of the
lignocellulosic biomass (such as lignin content, crystallinity and available surface area).
In addition, the pretreatment processing time is dependent on the nature of the feedstock.
For instance, hardwood and softwood have longer pretreatment times when compared to
grasses, primarily due to high lignin contents and high crystallinity indexes. The ability
of concentrated-acid pretreatment to break lignin at lower temperature makes it more
suitable pretreatment than diluted acid pretreatment that requires both higher temperature
and longer processing time. The concentrated sulfuric acid pretreatment (70-77%
concentration) is performed at 20-50 °C. At higher temperatures, the formation of
inhibitory compounds such as furfural and hydroxyl-methyl furfural takes place,
inhibiting microorganisms such as Escherichia coli and Saccharomyces cerevisiae
commonly used for ethanol fermentation (Galbe and Zacchi 2002, Drapcho et al. 2008).

1.3.4. Alkaline Pretreatment
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Alkaline pretreatment mainly includes ammonium hydroxide, sodium hydroxide,
potassium hydroxide and lime pretreatment. Among these, the use of ammonium
hydroxide in pretreatment is advantageous due to the ease in recovering ammonium
hydroxide after the pretreatment process using evaporation. Ammonium hydroxide can
be used in its gaseous form or diluted with solvents such as water. Ammonia fiber
explosion (AFEX) is performed using ammonia at 90-140 °C for 5-30 minutes in a
pressurized vessel (Dale et al. US Patent 2009/0053771 A1). High moisture content of
60-200% is the prerequisite for AFEX pretreatment. Aqueous ammonia can be used in
different ways to achieve delignification of lignocellulosic biomass. Recycle percolation
and soaking in aqueous ammonia (SAA) pretreatments are commonly used. SAA
pretreatment is conducted at moderate temperatures ranging from 30-80ºC with less
formation of inhibitory compounds (Kim and Lee 2007). In addition, SAA pretreatment
preserves cellulose and hemicellulose in a solid state; ability to reduce enzyme loading in
subsequent steps and its abundance as a commodity chemical are other advantages
(Mosier et al. 2005; Kim and Holtzapple 2006; Kim et al. 2006, 2008;Kim and Lee
2007). SAA pretreatment has been used effectively for herbaceous crops such as
switchgrass. In the alkaline pretreatment, delignification occurs mainly due to breakage
of aryl ether linkage through hydroxyl ions (Gupta 2008). In addition, using NaOH and
KOH can result in the formation of soluble sodium phenolates and potassium phenolates
respectively. These produced inhibitors may affect a fermentation process.

1.3.5. Organosolv Pretreatment
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Organosolv pretreatment processing involves the use of organic solvents such as
ethanol, methanol, hexane, acetone and inorganic acid catalysts such as hydrochloric acid
(HCl) or sulfuric acid (H2SO4) to break the internal lignin and hemicellulose bonds.
Organosolv pretreatments, as with other chemical pretreatments, often produce microbial
inhibitory agents because it is usually performed at temperatures greater than 180 °C and
can require large amounts of pretreatment reagents (Zhu et al. 2010). The organic
solvents dissolve lignin and hemicellulose and leave the biomass residue with high
cellulose content. The lignin and hemicellulose recovered from the organic solvent have a
potential market value (Table 1.2). Organic solvent such as ethanol is flammable and
costly. The efficiency of the process completely relies on the recovery of the solvent.

1.3.6. Oxidative Delignification
Oxidative pretreatment involves the use of strong oxidizing reagent such as
hydrogen peroxide to achieve delignification. Sodium silicate of magnesium sulfate along
with hydrogen peroxide makes the solution more stable (Guald 1984). The concentration
of hydrogen peroxide used in the range of 1-10 % by volume. More precisely, effective
pretreatment requires the ratio of hydrogen peroxide to substrate of at least 0.25 g H2O2/g
substrate under alkaline conditions (Guald 1984). In alkaline conditions, hydrogen
peroxide decomposes to form hydroxyl ions that can further react with phenolic groups of
lignin. In addition, hydrogen peroxide plays an important role in stabilizing the ends of
cellulose and hemicellulose structures (Gupta 2008). Guald (1984) noted that alkaline
peroxide pretreatment can achieve 50 % or more delignification of lignocellulosic
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biomass with greater than 90% overall theoretical saccharification efficiency.
Saccharification efficiency is the conversion of insoluble water polysaccharide to reduce
sugars. However, the degree of saccharification for oak was 52.5 % compared to 93.0%
for wheat straw at 25 °C for 18-24 hours (Guald 1984). Temperature and pH influence
the reactivity of hydrogen peroxide. At high temperature, exothermic reaction takes
place between alkaline hydroxide and H2O2.

1.4. Biofuel Production Processes: Enzyme Production
For biofuel production processes to be more cost-effective, on-site enzyme
production of cellulase and hemicellulase (or xylanase) using lignocellulosic feedstock
has been suggested (Esterbauer et al. 1991, Singhania et al. 2007). Cellulolytic enzymes
are produced by a wide variety of bacteria and fungi. These microorganisms may be
cultivated in different conditions, ranging from aerobic to anaerobic and mesophilic to
thermophilic environments. Among bacteria, Cellulomonas fimi and Thermomonospora
fusca have been extensively studied for cellulolytic enzyme production. However,
anaerobic bacteria such as Clostridium thermocellum and Bacteroides cellulosolvens
produce high cellulase activity with low enzyme productivity (Duff and Murray 1996).
Under anaerobic conditions, low growth rates limit enzyme productivity (Duff and
Murray 1996).
More than 14,000 fungi are known to produce cellulolytic enzymes including
Aspergillus niger, Aspergillus awamori, Trichoderma reesei, Phanerochaete
chrysosporium and Pleurotus sajor-cajuz. These fungi are a good source of cellulases,
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but, among these, Trichoderma is one of the best known for a variety of industrial
applications such as in the textile, beverages, and biofuels industries. The genetics of T.
reesei plays an important role in commercial cellulolytic enzyme production. A series of
genetic modifications of T. reesei produced T. reesei Rut C-30, which has better enzyme
productivity. Trichoderma reesei Rut-C-30 is a mesophilic fungus, producing high
cellulase activity with considerable amounts of xylanase and β-glucosidase compared
with other Trichoderma sp. (Tangnu et al. 1981, Table 1.3). A consortium of different
enzymes (consisting of endoglucanase, exoglucanase (cellobiohydrolases) and βglucosidase (cellobiase) act synergistically to break down lignocellulosic material
(Esterbauer et al. 1991). However, endoglucanase and β-glucosidase respectively
comprise approximately 20-36% and 1% of total cellulases produced by Trichoderma sp.
(Esterbauer et al. 1991, Xiao et al. 2004).
T. reesei can be cultivated in aerobic fermentations using either solid-state
fermentation (SSF) or submerged culture fermentation (SCF). In commercial cellulolytic
enzyme production, SCF is preferred over the SSF process due to easier control of
temperature, pH, oxygen, and the moisture gradient of the substrate. The main aim of
SSF is to achieve higher substrate concentration for fermentation, whereas, in SCF the
substrate concentration is limited to approximately 8% of the solution requiring much
greater amounts of water. With SCF processing substrate concentration, nutrient
requirement, T. reesei biomass concentration, pH, temperature, aeration and agitation are
important parameters that influence the productivity of cellulolytic enzymes.
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1.4.1. Substrate Concentration
Higher substrate concentrations affect the agitation, lower oxygen transfer rates
and reduce the availability of enzymes, hence limiting the rate of cellulolytic enzyme
synthesis (Oashima et al. 1990). The enzyme synthesis rate is directly proportional to
utilization of substrates. Cellulose and xylan are insoluble polymers that could lead to a
longer lag phase during enzyme fermentation. A supplement of soluble sugars with
lignocellulosic biomass plays an important role in inducing enzyme production. Both the
carbon and nitrogen sources are equally important requirements in the enzyme synthesis.
Urea and aqueous ammonium hydroxide are common nitrogen sources.

1.4.2. T. reesei Biomass Concentration
Enzyme productivity increases with increasing biomass concentration. The
concentration of T. reesei is increased by supplementing soluble sugars such as glucose
or xylose along with insoluble lignocellulosic material. Mohagheghi et al. (1990)
reported that a mixture of xylose and cellulose (30:30 g/l) was effective in reducing the
lag phase of cellulolytic enzyme production to 6.25 days and resulted in 122 IFPU/l-h
(International filter paper unit per liter per hour) productivity. In addition, the same
enzyme productivity was observed with pure cellulose, but only after eight days. At the
same time, the enzyme activity was reduced by 27% for a mixture of xylose and cellulose
compared to pure cellulose (Mohagheghi et al. 1990).

1.4.3. pH and Temperature Control
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The composition of cellulolytic enzymes produced by T. reesei Rut C-30 is
influenced by changing pH (Juhász et al. 2004). An increase in β-glucosidase activity has
been reported at pH 6 in comparison with a lower pH range of 4-5 (Tangnu et al. 1981,
Nagieb et al. 1985). The purpose of supplied chemicals for pH control is not limited to
providing a stable environment for enzyme production, but also to fulfill the requirement
for the enzyme synthesis. Citric acid and aqueous ammonium hydroxide are used for pH
control. In addition, citric acid helps by inducing cellulase production while aqueous
ammonium hydroxide provides a nitrogen source for enzyme synthesis (Watson and
Nelligan 1983, Kadam and Keutzer 1995).
Temperature affects the growth rate of T. reesei and xylanase production.
Xylanase production was studied within the temperature range of 17 °C to 37 °C, and its
activity increased as temperatures approached 37 °C. However, cellulase production
decreased with increasing temperatures within this range. The optimal cellulase
production performs at 26-28 °C. Therefore, a temperature shift could be a useful tool in
the selectivity of cellulolytic enzyme production (Xiong 2004).

1.4.4. Air Sparging and Agitation
Filamentous growth morphology of T. reesei results in a viscous broth rheology
that affects oxygen mass transfer rate and changes the broth from a Newtonian mixture to
a non-Newtonian mixture over periods of cellulolytic enzyme production. With
increasing viscosity, power input requirements increase to achieve the same level of
mixing. An increase in the viscosity increases the bubble size and hence reduces the
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bubble residence time in the fermenter and increases the mass transfer coefficient.
Enzyme and extracellular protein levels were significantly affected at lower (0.5 vvm,
volume of air per volume of liquid per minute) and higher (1.5 vvm) oxygen saturation
levels and at lower (130 rpm) and higher (400 rpm) agitation levels (Schaffner and
Toledo 1992). The change in cultivation condition of T. reesei affects xylanase
production at lower aeration (below 10% oxygen saturation level).

1.5. Biofuel Production Processes: Enzymatic Hydrolysis
1.5.1. Effect of Cellulose Content
The synergetic action of cellulase consists of endoglucanase, exoglucanase
(cellobiohydrolases) and β-glucosidase (cellobiase) acting together to depolymerize
cellulose into glucose and water molecules. The hydrolysis of cellulose involves three
different synergetic stages. The following steps are summarized:
-

Endoglucanase hydrolyzes inner polyglucan molecules linkages into small
polysaccharides chains,

-

Exoglucanase (CBHI and CBHII) remove the terminal disaccharide units of cellulose.
CBHI degrades terminal of cellulose polymer and CBHII releases cellobiose units
from the endoglucanase degraded cellulose,

-

β-glucosidase hydrolyzes cellobiose units into glucose.
β-glucosidase prevents feedback substrate inhibition of endo- and exo-glucanases

by hydrolyzing cellobiose molecules into glucose. The maximum enzymatic hydrolysis
rates using cellulase mixtures are carried out at 50 ± 5 oC between pH 4.8 and 5.5 (Galbe
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and Zacchi 2002). Other factors that govern the hydrolysis of cellulose include lignin
content, crystallinity, hemicellulose content, particle size and surface area of
lignocellulosic biomass (Sun and Cheng 2002; Pan 2008; Zhu et al. 2008; Hendriks and
Zeeman 2009; Harmsen et al. 2010).

1.5.2. Effect of Lignin Content
Lignin is an amorphous phenolic polymer which has an uneven surface that
accumulates enzymes and reduces the amount of available enzyme necessary to
hydrolyze the lignocellulose (Mosier et al. 2005, Kim and Holtzapple 2006). Enzyme
hydrolysis rates and yields of sugars depend highly on enzyme absorption. Removal of
lignin can eliminate non-productive adsorption sites to some extent, thereby increasing
access to hemicelluloses and cellulose content. Addition of surfactant or hydrogen
peroxide (0.5-1.0 %) can reduce enzyme absorption by lignin (Eriksson et al. 2002; Tu et
al. 2009).

1.5.3. Effect of Hemicellulose Content
Hemicellulose is mainly xylan linked by β(1→4) or β(1→3) glycosidic linkages
(based on plant source and extraction methods) interlinked with cellulose and as such
would affect the enzymatic hydrolysis of cellulose due to the inability of cellulase to
degrade xylan linkages. To increase the yield of sugars (including glucose and xylose) a
significant amount of xylanase has been added into the cellulase mixer. However,
lignocellulosic feedstock such as switchgrass, sweet sorghum and pine wood chips
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consist of cellulose and hemicellulose in different proportions (Table 1.1). Cellulose has
intra-polymer linkages with hemicellulose through H-bondings. The breakage of the
intra-polymer linkages between cellulose and hemicellulose would result in an efficient
hydrolysis of cellulose. Commercial enzymes manufacturers such as Novozymes (Cellic®
CTec2) and Dupont-Genecor (Accellerase® 1500), provide individual cellulase, βglucosidase, xylanase and xylanase-cellulase mixtures for the hydrolysis of
lignocellulosic feedstock. The formulation of these enzyme mixtures is unique for every
lignocellulosic feedstock depends on cellulose and hemicellulose contents.

1.5.4. Effect of Crystallinity and Particle size
Crystallinity is due to H-bonding between cellulose polymers of lignocellulosic
biomass that differs from feedstock to feedstock. The purpose of the pretreatments prior
to enzymatic hydrolysis is not only to remove lignin, but also to decrease crystallinity.
Reducing the crystallinity of lignocellulosic biomass sometimes requires the reduction in
particle size with associated cost. Since the smaller particle size has more surface area,
more effective removal of lignin may occur and creating greater H-bond interactions
within the pretreatment solvent (Puri 1984). The enzymatic hydrolysis rate is affected by
the available surface area. In addition, the complete hydrolysis is a function of surface
area per unit of initial pore size volume. The large surface area of small particle results in
better enzymatic sugar yields relative to small surface area of large particle. Most of the
cellulase enzymes including endoglucanase, exoglucanase and β-glucosidase have
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molecular weights in the range of 30-170 KDa. Increased pore size of lignocellulosic
biomass becomes crucial during the enzymatic hydrolysis (Mooney et al. 1998).

1.6. Cellulosic Ethanol Fermentation
Biochemical pathways such as aerobic respiration, anaerobic respiration and
fermentation within microorganisms efficiently convert organic substrates into chemicals
or biofuels such as ethanol. Aerobic respiration pathways convert carbon sources such as
glucose into ATP (Adenosine triphosphate) using Embden-Meyerhof pathway, the
tricarboxylic acid pathway and the electron transport chain, with oxygen acting as a
terminal electron acceptor. In anaerobic respiration (absence of oxygen), the terminal
electron acceptors are replaced with inorganic compounds such as sulfate or nitrate to
produce ATP. In fermentation, internally balanced oxidation and reduction of organic
compounds occur within the biochemical pathway under anaerobic conditions, but
without utilization of the electron transport system.
Cellulosic ethanol fermentation may be performed using a wide range of
microorganisms. Yeast Saccharomyces cerevisiae and bacteria Zymomonas mobilis are
well known for utilizing glucose, fructose and sucrose for ethanol fermentation under
anaerobic conditions with higher ethanol tolerance (Sprenger 1996). Z. mobilis has a
higher metabolic rate with less biomass production through the Entner-Doudoroff
pathway compared to S.cerevisiae through the Embden-Meyerhof-Parnas (EMP)
pathway. The faster rates occur from decoupling energy generation from ethanol
production with the absence of the highly-regulated enzyme phosphofructokinase (PFK)
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present in the EMP pathway. Z. mobilis produces byproducts such as levan (catalyzed by
levansucrase and fructose polymerase) that tend to foul distillation columns during
downstream processing (Drapcho et al. 2008). S. cerevisiae is the most widely used for
cellulosic ethanol production due to its high ethanol tolerance and the remaining biomass
being more suitable for use as animal feed than biomass from Z. mobilis fermentation.
The hydrolysis of lignocellulosic biomass generates a mixture of hexoses and pentoses
during the process. The simultaneous utilization of these sugars is the most challenging
part of the cellulosic ethanol production. Other strains of yeast, bacteria and fungi, have
been investigated and genetically modified for simultaneous utilization of both glucose
and xylose in cellulosic ethanol fermentation. Numerous microorganisms have been
studied using xylose as a carbon source (Table 1.4). The performance of these
microorganisms varies on hydrolyzed lignocellulosic broth due to variations in sugar
utilization, the presence of inhibitors the chemical composition of lignocellulosic
feedstock, chemical pretreatment and the extent of recirculation in the process (Table
1.5). A preprocessing or detoxification of these inhibitors from the hydrolyzed broth
before or after the fermentation can be an energy-intensive step (Olsson and HahnHägerdal 1996). These inhibitory effects were resolved using fermenting microorganisms
with high cell densities (Olsson and Hahn-Hägerdal 1996). A list of different
microorganisms with their optimal ethanol yield and productivity is given for ethanol
fermentation using enzymatic hydrolysate of lignocellulosic feedstock (Table 1.6).
Fermentation can be performed in batch, semi-batch and continuous mode. The selection
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of the fermentation mode for optimal ethanol yields is based on the kinetic properties of
the microorganisms used and the integration of the cellulosic ethanol production process.

1.6.1. Processing Routes for Cellulosic Ethanol Fermentation
Biofuel production (such as ethanol) is a complex process using lignocellulosic
feedstock (such as switchgrass, sweet sorghum bagasse, pine wood chips) when
compared to production from sugarcane syrup or corn. The carbohydrates in
lignocellulosic feedstock are much more problematic in terms of both solubility and
utilization of their different component sugars (mainly glucose, xylose and arabinose)
compared to starch in corn or sucrose in sugarcane syrup. The complexity of
lignocellulosic feedstock provides different routes for fermentation including direct
microbial conversion (DMC), separate hydrolysis and fermentation (SHF) and
simultaneous saccharification and co-fermentation (SSCF).

1.6.2. Direct Microbial Conversion (DMC) or Consolidated Bio-Processing (CBP)
Direct microbial conversion (DMC) is a consolidated process of production of
cellulolytic enzymes (cellulase and xylanase mixture), hydrolysis of lignocellulosic
biomass and fermentation into bioproducts such as ethanol in a single vessel. Clostridium
phytofermentans would be an ideal microorganism for DMC ethanol production.
However, C. phytofermentans has been reported to produce low ethanol yields (less than
0.2 % w/v) with several by-products such as hydrogen, acetic acid, and formic acid that
ultimately lowers ethanol productivity (Warnick et al. 2002; Linger et al. 2013).
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1.6.3. Separate Hydrolysis and Fermentation (SHF)
SHF can be performed in two different ways: separate hydrolysis and separate
fermentation (SHSF) and separate hydrolysis and co-fermentation (SHCF). In SHSF,
production of cellulolytic enzymes, hydrolysis of pretreated biomass and fermentation are
performed in separate vessels. SHSF would allow performing each step at its
corresponding optimum conditions. For example, the production of cellulolytic enzymes
using T. reesei is performed at 25-30 °C and pH 4.5-5.5. Hydrolysis of pretreated
lignocellulosic biomass is performed in the temperature range of 50-55 °C at pH 4.5-5.5.
Ethanol fermentation is performed in the temperature range of 30-35 °C at pH 5-6.
Saccharomyces cerevisiae and Pichia stipitis may be respectively used to ferment both
glucose and xylose to ethanol. However, P. stipitis requires micro aeration (1 mmol of air
per liter per hour) for xylose metabolism. Iogen, Inc. (based in Canada) uses SHSF for
ethanol production. The optimal process integration would result in higher ethanol
productivity.
SHCF is similar to SHSF in that the hydrolysis of pretreated biomass and
fermentation are performed in separate vessels. Unlike SHSF, in SHCF fermentation of
different sugars (such as glucose and xylose) is performed in the same vessel.
Simultaneous utilization of sugars for ethanol fermentation may be performed using
either a single microorganism culture or co-culture of microorganisms. Most of the
microorganisms use glucose as a carbon source to produce ethanol and inhibit xylose
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uptake. The simultaneous utilization of xylose along with glucose for ethanol production
could be approached several different ways.
Adhikari et al. (2009) has reported that the thermotolerant yeast Kluyveromyces
sp. IIPE453 MTCC 5314 may consume a wide range of mono- and disaccharide sugars
including glucose, xylose, mannose, arabinose simultaneously in a temperature range of
40-65 oC and pH range of 3.5-5.5 with ethanol productivity of 13.8 gl-1h-1 on sugarcane
bagasse in continuous fermentation. In addition, Kluyveromyces sp. IIPE453 MTCC
5314 can be recycled up to 20 days in a continuous process at 50 °C (Adhikari et al.
2009).
Xylose isomerase (XI) converts xylose to xylulose that can be easier to use as a
carbon source by microorganisms such as yeast S. cerevisiae for ethanol production.
Xylose isomerase can be used either separately or along with cellulolytic enzymes. The
optimum activity of xylose isomerase is at pH of 7-8 and temperature range of 60-80 °C.
However, a urease coated xylose isomerase has been shown to work under acidic
conditions as urease coats a separate inner basic environment from the exterior acidic
environment (Rao et al. 2007). Rao (2007) noted that using the urease coated xylose
isomerase along with 0.05 M tetrahydroxyborate could convert 86% of xylose to xylulose
under acidic condition at temperature 34 °C. However, the uptake of xylulose by yeast
decreases with increasing ethanol concentration at less than 4% (w/v) in the media
(Chiang et al. 1981, Chandrakant and Bisaria 1998).
A genetically engineered Zymomonas mobilis and Escherichia coli can
simultaneously consume both glucose and xylose in co-fermentation. Moreover, the
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genetically engineered E. coli FBR5 can produce ethanol concentrations ranged from
18.9 to 40.3 g/L with metabolic yields from 0.44 to 0.51 (Qureshi 2012a). The ethanol
yield up to 0.84 g/L-h to 1.77 g/L-h could be achieved using xylose as a carbon source
(Qureshi et al. 2012a). In addition, using gas stripping, the ethanol productivity can
further increase up to 140 g/L with product yield of 0.48 (Qureshi et al. 2012b). The
main issues with the genetically engineered strains are stability, reproducibility and
environment protection regulatory issues (for genetically modified microorganisms
(GMOs)) with use of generated biomass (as byproducts).

1.6.4. Simultaneous Saccharification and Co-Fermentation (SSCF)
In SSCF, both hydrolysis and fermentation of different sugars (such as glucose
and xylose) are performed simultaneously in the same vessel. SSCF is similar to DMC,
except SSCF has more freedom in the selection of operating temperature for
simultaneous lignocellulosic biomass hydrolysis and ethanol fermentation. The DMC
process is solely dependent on the use of a single microorganism to perform all different
steps such as enzyme production, enzyme hydrolysis and ethanol fermentation. The
optimum conditions for enzyme hydrolysis are 50-55 °C at pH 4.5-5.5, whereas a
thermophilic microorganism such as Kluyveromyces sp. IIPE453 MTCC 5314 operates at
40-65 °C and 3.5-5.5 pH conditions (Adihikari et al. 2009). Additionally, SSCF operates
at higher temperatures, reducing the risk of contamination and the simultaneous
utilization of sugars prevents enzymatic inhibition in the formation of glucose and
cellobiose.
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1.7. Process Integration for Production of Cellulosic Ethanol
The design of a cellulosic ethanol process for maximum utilization of both
pentose and hexose sugars in the most productive way are still unsolved. Based on the
current technologies, either SHCF or SSCF may result in the best cellulosic ethanol
productivity. However, SSCF can be more economically feasible compared SHCF due to
fewer operations requirement. However, for a continuous ethanol production process, the
following guidelines must be considered in setting up a bio-refinery:
-

Reusability of chemicals (for a pretreatment process)

-

Recirculation of enzymes for enzyme hydrolysis and cell biomass for ethanol
fermentation

-

Generation of potential market valued by-products such as lignin

-

Maximum utilization of energy generated during the process

-

Minimal waste generation

1.7.1. Process Integration for Cellulosic Ethanol Production Using Switchgrass as A
Feedstock
Switchgrass holds great potential as a valuable fuel crop for cellulosic ethanol
production (Section 1.2). Based on the discussed requirements for cellulosic ethanol
process integration (Section 1.7), soaking in aqueous ammonia (SAA) pretreatment may
be the most feasible for lignocellulosic feedstock such as switchgrass (Isci et al. 2008;
Isci et al. 2009; Tao et al. 2011). However, for the SAA pretreatment, a pressure vessel is
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required. The design of the pressure vessel is dependent on the concentration of aqueous
ammonia, operating temperature, switchgrass loading, and a ratio of switchgrass to
aqueous ammonia. The vapor pressure exerted by 15 wt% aqueous ammonium hydroxide
at 80 oC is approximately 31.5 psi (absolute). After the pretreatment, ammonium
hydroxide can be recovered through condensation followed by lignin separation in the
pretreated solvent using a filter press. The recovered lignin may be used for power
generation or can be used in making biomaterials and paints (Gargulak and Lebo 1999,
Lora and Glasser 2002, Keshwani and Cheng 2009, Laser et al. 2009). After the lignin
recovery, the filtered water could be recycled for use in both washing SAA-treated solids
after the pretreatment or to make up the ammonium hydroxide concentration after the
condensation of recovered ammonium hydroxide. Recovered ammonium hydroxide
concentration could be maintained up to 35% (w/v) in a separate vessel.
After SAA pretreatment, further processes could be approached in two different
ways using either SHCF or SSCF for cellulosic ethanol production. As mentioned earlier,
SSCF has an advantage of requiring a minimal number of vessels compared to SHCF.
However, the consideration of downstream processing and energy requirements during
the process would help in economic process integration for the cellulosic ethanol
production. The addition of reverse osmosis between the hydrolysis step and the
fermentation step would be beneficial in the concentration of the hydrolyzed sugar slurry
thus minimizing the energy requirement for both ethanol fermentation and distillation.
Additionally, reverse osmosis is often more energy efficient when compared to
conventional evaporation techniques (Madaeni et al. 2004). Gul and Sek (2009) have
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shown that the concentration of 15% (w/v) sugar syrup to 65% (w/v) decreases the
energy requirement up to 86% with a combination of reverse osmosis and evaporation
techniques compared to evaporation technique alone. The enzyme hydrolysis yields up to
10% (w/v) sugars syrup using SAA-treated lignocellulosic biomass. The addition of a
reverse osmosis step following enzyme hydrolysis would allow increasing the
concentration of hydrolyzed lignocellulosic sugar syrup from 10% (w/v) to 20% (w/v).
The concentrated sugar syrup would influence both the fermentation and distillation steps
in terms of energy saving and increasing ethanol productivity. The dissolved chemicals in
the spent broth after the ethanol distillation could be recovered using evaporation. The
evaporated water vapor could be condensed and recycled to the enzyme hydrolysis step.
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Objectives
The following are the primary objectives of the present research:
1. To determine the effect of soaking in aqueous ammonia (SAA) pretreatment on
switchgrass as a feedstock for the production of cellulases using Trichoderma
reesei Rut C-30.
-

Evaluation of Solka-Floc®, SAA –treated switchgrass and untreated
switchgrass for cellulase production using fungi T. reesei Rut C-30

-

Effect of different enzyme mixtures on SAA-treated switchgrass hydrolysis.

2. To determine the effects of soaking in aqueous ammonia (SAA) pretreatments on
the breakdown of sweet sorghum bagasse for the production of monomeric
sugars.
-

Evaluation of three different concentration of NH4OH (15 wt % NH4OH, 7.5
wt % NH4OH, 3.75 wt % NH4OH) for the pretreatment of sweet sorghum
bagasse.

-

Enzyme hydrolysis of different concentration of SAA –treated solids using
three levels of cellulase enzyme (Accellerase® 1500) loadings at 20 FPU per
g of biomass, 40 FPU per g of biomass and 80 FPU per g of biomass.

3. Comparison of pretreatment methods for loblolly pine to utilize as enzyme
hydrolysate feedstock.
-

Evaluation of alkaline hydrogen peroxide (AHP) and ethyl-hydro-oxides
(EHOs) pretreatments for ground pine wood chips
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-

Optimization of ethyl-hydro-oxides (EHOs) pretreatment for ground pine
wood chips (0.5-1.0 mm) based on composition and enzymatic
saccharification using temperature (38-78 °C), ethanol content (0-60 vol %),
KOH content (0-5 wt %) and H2O2 content (0-5 vol %).
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Figure 1.1. Chemical structure of lignin monomers (Mitsuhashi et al. 2008)
.
.
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Table 1.1. Compositions of different lignocellulosic feedstock (Sun and Cheng 2002).
Composition (% dwb, dry wet basis)
Cellulose Hemicellulose Lignin
[ wt%]
[wt%]
[wt%]
40-55
24-40
18-25
45-50
25-35
25-35
25-30
25-30
30-40
45
35
15
25-40
35-50
10-30
85-90
0
0-15
30
50
15
60
20
20
15-20
80-85
0
80-95
5-20
0
40-55
25-40
18-30
60-70
10-20
5-10
8-15
24-29
6.0
28
1.6-4.7
1.4-3.3
2.7-5.7
25
35.7
6.4
45
31.4
12.0

Lignocelluosic feedstock
Hardwood stems
Softwood stems
Nut shells
Corn cobs
Grasses
Paper
Wheat straw
Sorted refuse
Leaves
Cotton seed hairs
News paper
Waster papers from chemical pulps
Primary wastewater solids
Swine waste
Solid cattle manure
Costal Bermuda Grass
Switchgrass
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Table 1.2. Primary production of biomass derived bioproducts via chemical, fermentation, enzymatic, and
natural processes (Klass 1998; Fall et al. 1984*).

Table 1.3. Enzyme production by Trichoderma reesei (Xiong 2004)
Enzyme

EC#

Types

Function

Endo-1,4- β-xylanases

EC 3.2.1.8

XYN I,II, III and
IV

β-xylosidase

EC 3.2.1.37

BXYN I and II

Endo-1,4- β-D-glucan
cellobiohydrolases

EC 3.2.1.91

CBH I and II

Endo-1,4- β-D-glucan-4glucanhydrolases

EC 3.2.1.4

EG I, II, III, IV
and V

β-D-glucosidases

EC 3.2.1.21

BGL I and II

β-mannanase
β-mannosidase

EC 3.2.1.78
EC 3.2.1.22

Hydrolyze mannose
from hemicellulose

α-L-arabinofuranosidase

EC 3.2.1.55

Hydrolyze arabinose
from hemicellulose

α-galactosidase

EC 3.2.1.22

Acetylxylan esterases

EC 3.1.1.72

Pectin methyl esterases

EC 3.1.1.11

Laccases

EC 1.10.3.2

Hydrolysis of xylan
to xylose, βxylosidase more
active towards
xylobiose
Hydrolyze cellulose
to cellobiose
Hydrolyze
amorphous region of
cellulose
Hydrolyze cellobiose
to glucose

Hydrolyze galactose
from hemicellulose
to liberate acetyl
group from
hemicellulose
De-estrification and
gelling of pectins
oxidation of wide
variety of compounds

Note: EC # stands for Enzyme Commission number
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CHAPTER TWO
EFFECT OF SOAKING IN AQUEOUS AMMONIA (SAA) PRETREATMENT ON
SWITCHGRASS FOR THE PRODUCTION OF CELLULASES USING
TRICHODERMA REESEI RUT C-30

Abstract
Pretreatment plays an important role in the lignocellulosic feedstock conversion. In this
study, the effect of 4.5 wt % soaking in aqueous ammonia (SAA)-treated switchgrass was
compared with Solka-Floc® and untreated switchgrass for the cellulase production by T.
reesei Rut C-30 at 27 °C for 168 hours. The use of lower concentration of NH4OH
reduces the pressure vessel requirement compared at higher concentration of NH4OH.
Enzyme activities of 2.99, 1.34 and 0.37 filter paper units (FPU)/ml were observed for
Solka-Floc®, SAA-treated switchgrass and untreated switchgrass respectively, at 168
hours of fermentation time. A 7-L fermenter at a constant pH 5 resulted in increased
enzyme production from T. reesei Rut C-30 at 1.80 FPU/mL for SAA-treated switchgrass
at 168 hours of fermentation time. The increment in enzyme activity, in 7-L reactor, was
approximately 31.29% compared to shake flask study using SAA-treated solids. In
addition, SAA-treated switchgrass was enzymatically hydrolyzed by T. reesei Rut C30fermented broth (with and without β-glucosidase) and commercial enzyme
Accellerase® 1500 at 50 °C for 72 hours. The total enzymatic digestibility for SAA –
treated switchgrass were 41 %, 46 % and 54 % sugar recovery with Accellerase® 1500
(80 FPU per g of biomass), T. reesei Rut C-30 broth (4.75 FPU per g of biomass) and T.
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reesei Rut C-30 broth with externally adding β-glucosidase (4.75 FPU per g of biomass +
45 pNPG unit per g of biomass), respectively, over 72 hours.
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2.1. Introduction
Many reports have shown the conversion of lignocellulosic materials into fuels
and chemicals through biological and chemical processes (Chandrakant and Bisaria 1998;
Mosier et al. 2005; Vane 2005; Huber et al. 2006). Lignocellulosic feedstock, such as
switchgrass, comprised of three major components: lignin, hemicellulose and cellulose,
require that these components to be broken down prior to further processing. Chemical
pretreatment assists in both increasing polysaccharide contents and reducing crystallinity
of lignocellulosic biomass (Chandrakant and Bisaria 1998; Mosier et al. 2005; Vane
2005). Many chemicals pretreatment methods have been reported, including steam
explosion, supercritical CO2 explosion and extraction, dilute acid pretreatment, ionic
liquids (ILs), SAA, ammonia recycle percolation (ARP), ammonia fiber explosion
(AFEX) and lime pretreatment (Mosier et al. 2005; Singh et al. 2009; Alvira et al. 2010).
In most of these pretreatments processes, the formation of inhibitory compounds (such as
furfural and 5-hydroxymethylfurfural (HMF)) at high temperatures is one of the main
constraints hindering subsequent process steps (Chandrakant and Bisaria 1998; Mosier et
al. 2005).
To avoid inhibitory compound generation, SAA pretreatment have been
investigated for herbaceous feedstock such as switchgrass (Alizadeh et al. 2005; Mosier
et al. 2005; Kim, Lee et al. 2006; Gao et al. 2012; Pryor et al. 2012; Yoo et al. 2013).
SAA pretreatment processes operate at moderate temperatures (ranging from 30-80 ºC)
thus resulting in lower levels of inhibitory compounds (Mosier et al. 2005; Kim, Lee et
al. 2006; Kim and Lee 2007; Gao et al. 2012). SAA pretreatment processes preserve
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cellulose and hemicellulose in a solid state. The use of ammonia eases recovery of the
pretreatment chemical in the form of aqueous ammonium hydroxide. In addition, enzyme
loadings are reduced which corresponds to lower hydrolysis costs (Alizadeh et al. 2005;
Mosier et al. 2005; Kim, Lee et al. 2006; Kim, Taylor et al. 2008; Gao et al. 2012; Pryor
et al. 2012; Yoo et al. 2013). Furthermore, one of the main advantages to employing
ammonia is its abundance and inexpensive cost as a commodity chemical.
For ethanol production processes to be cost-effective, on-site enzyme production
of cellulase and hemicellulase using lignocellulosic feedstock has been suggested as
necessary (Singhania et al. 2007). Although lignocellulosic materials have great potential
as a feedstock for ethanol production, these feedstocks can also allow for the economic
production of enzymes (Esterbauer et al. 1991; Singhania et al. 2007). Cellulolytic
enzymes can be produced by a wide variety of bacteria and fungi. More than 14,000
fungi are known to produce cellulolytic enzymes including Aspergillus niger, Aspergillus
awamori, Trichoderma reesei, Phanerochaete chrysosporium and Pleurotus sajor-cajuz.
These fungi are a good source of cellulases, but, among these, Trichoderma is one of the
most studied and characterized due to wide use in the textiles, beverages, and biofuel
industries. In particular, Trichoderma reesei Rut-C-30 has been characterized as a high
cellulase producer compared to other Trichoderma spp. Additionally, T. reesei Rut C-30
produces xylanase and β-glucosidase (Tangnu et al. 1981). Production of multiple
enzymes by one species allows synergistic break down of lignocellulosic feedstocks
(Esterbauer, Steiner et al. 1991). Limited production of endoglucanase and β-glucosidase
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in most Trichoderma spp.comprise approximately 20-36% and 1% of total cellulases
(Esterbauer et al. 1991; Xiao et al. 2004).
The objective of this study was to evaluate the effect of lower aqueous
ammonium hydroxide concentration for the production of cellulolytic enzymes using
Trichoderma reesei Rut C-30 and compared with untreated switchgrass and Solka Floc®.
In addition, the produced T. reesei fermented broth was then analyzed for hydrolyzing
SAA-treated solids. The efficiency of the generated cellulases was compared with
commercial enzyme Accellerase® 1500.
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2.2. Materials and methods
2.2.1. Switchgrass preparation
Switchgrass (Panicum virgatum) was provided by the Clemson University Pee
Dee research station in Florence, SC. Switchgrass was milled using a Thomas Model 4
Wiley® Mill and then sieved to 0.5-1.0 mm particles using U.S. Standard Brass Test
sieves (ranging from 150 μm -10 mm, Fisher Scientific, Catalog# 04-883). Moisture
contents of milled and sieved switchgrass were determined to be 8.89 ± 0.89%. The
milled switchgrass was oven dried at 50 °C for two days to minimize moisture content. A
moisture content of 0.02% was determined using dry oven at 105 °C at the time of
pretreatment. .

2.2.2. Soaking in aqueous ammonia (SAA) pretreatment
For the SAA pretreatment process, milled switchgrass was treated with 4.5 wt%
NH4OH solution in a Parr reactor at 60 C for 15 hours with no agitation. The solid-toliquid ratio was 1:6 (sample: NH4OH concentration (w/v)). After pretreatment, the
ammonia was removed from the solid sample by air sparging for 1 hour at room
temperature. A sieve size of 0.18–0.25 mm was used to collect insoluble biomass
fraction. The collected solids were washed 4 times with 500 ml deionized (DI) water. The
washed water color changes from dark brown to light brown after the fourth wash. The
washed SAA-treated solids were analyzed for composition and enzymatic digestibility.

2.2.3. Cellulolytic enzyme production
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Trichoderma reesei Rut C-30 ATCC 56765TM was grown on modified Mandels’
medium using SAA-treated switchgrass, untreated switchgrass and pure cellulose (SolkaFloc®, catalog # EZ-200, International Fiber Corporation) (Esterbauer et al. 1991).
Mandels’ Media contains urea (Fisher Scientific, Cat# BP169-500) 0.3 g/L, ammonium
sulfate (Fisher Scientific, Cat# BP212R-1) 1.4 g/L, potassium phosphate monobasic
(EMD, Cat# :PX1562-5) 2 g/L, calcium chloride dehydrate (Fisher Scientific , Cat# C79500 ) 0.4 g/L, magnesium sulpfate heptahydrate (Fisher Scientific, Cat# BP213-1) 0.3
g/L, peptone (BD , Cat# 211862) 0.75 g/L, yeast extract (Merck EMD Catalog#
1.03753.0500) 0.25 g/L, ferrous sulfate (EMD, Catalog# FX0245-1) 5 mg/L, manganese
chloride tetrahydrate (MP Biomedicals, Catalog# 0215533480) 1.6 mg/L, zinc sulphate
heptahydrate (Fisher Scientific, Catalog# Z68-500) 1.4 mg/L, cobalt chloride hexahydrate
(MP Biomedicals, Catalog# 0219464280) 20 mg/L and Tween-80 (Sigma-Aldrich,
Catalog# P4780) 0.2 mL/L (Reczey et al. 1996). The enzyme production step contained
1.5 g/L of peptone as peptone has been reported to increase cellulase production
(Esterbauer et al. 1991). The inoculum was prepared by suspending spores (using
inoculum loop) of T. reesei from a three-day potato dextrose agar (PDA) Petri dish plate
into an autoclaved 250 mL Erlenmeyer flask (VWR, Catalog# 89000-362) containing 50
ml of Mandels’ medium. Pre-cultures were grown for 3 days at 30 ºC in an orbital shaker
at 250 rpm (C25KC, New Brunswick Scientific, Catalog# M1246-0010) (Esterbauer et al.
1991). The pre-cultures were used to inoculate (10 % v/v), 100 mL modified Mandels’
medium containing 2 g of switchgrass (SAA-treated and untreated) and 2 g of SolkaFloc® (dwb; dry weight basis) in 250 ml Erlenmeyer flasks. Conditions for enzyme
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production were 27 ºC at 200 rpm for 7 days. The pH 5 was adjusted after every 24 hours
by the addition of 0.1 M citric acid and 10 % NH4OH (Watson and Nelligan 1983;
Kadam and Keutzer 1995). All enzyme production experiments were conducted in
triplicate.
For the scale–up study, a 7-L fermenter (New Brunswick Scientific BioFlo 110
model, Edison, NJ, Catalog # M1273-3106) was used for enzyme production. SAAtreated switchgrass was used. The total working volume was 4-L with 2 wt% initial
substrate concentration. The pH was maintained to pH 5 by automatic 1.0 M citric acid
and 5 wt% NH4OH additions. The fermenter temperature was 27 ºC and the agitating
speed was 180 rpm. Scale up fermentation experiments were conducted in duplicate.
Samples (2 mL) were taken in time at 0, 24, 48, 72, 96, 120, 144 and 168 h for both
shaker flask and fermenter studies. Samples were analyzed for cellulase activity (shake
flask study and 7-L fermenter) and protein content (at 7L fermenter). The 168 h
fermentation broth was centrifuged at 1000 rpm for 5 min to remove cells and used for
the enzyme hydrolysis.

2.2.4. Enzyme hydrolysis
Three different enzyme mixtures were analyzed for enzymatic hydrolysis of SAAtreated switchgrass. The centrifuged T. reesei Rut C-30 168-h fermentation broth with
and without externally added β-glucosidase was used to hydrolyze SAA-treated
switchgrass (0.5-1.0 mm particle size). Accellerase® 1500 was examined in parallel as
known reference standard.
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Shake flasks (250 mL) with 93.4 g of biomass (20 g dwb containing moisture
content of 78.8 ± 0.3 wt%), centrifuged 50 mL of 168-h centrifuged fermentation broth
(1.9 FPU/mL) with and without an addition of 0.3 mL β-glucosidase (Accellerase® BG,
Dupont-Genencor, CA), 1 mL of sodium azide (20 mg/mL) and the total liquid volume
adjusted to 133 mL using 0.1 M citric acid buffer (pH adjusted to 4.8). β-glucosidase has
an activity of 3000 pNPG U/mL and usage in the range of 0.0045 mL to 0.18 mL per
gram of biomass. For simplicity, the enzyme loadings of T. reesei Rut C-30 broth with
4.75 FPU per g of biomass and T. reesei Rut C-30 broth with externally added βglucosidase with 4.75 FPU per g of biomass + 45 pNPG unit per g of biomass were
applied. Samples were taken in the time at 0, 2, 24, 48 and 72 h. Each treatment was
performed in triplicate.
Accellerase® 1500 was assayed 80 FPU/mL using NREL protocol (NREL 2008c;
Nguyen 2011; Pessani et al. 2011). Accellerase® 1500 enzyme hydrolysis was analyzed at
4 different loadings of enzymes: 0.25, 0.5, 1 and 2 mL/g of biomass corresponding to 20,
40, 80 and 160 FPU per g of biomass, respectively. For comparative study, shake flask
contained 93.4 g of biomass (20 g dwb containing moisture content of 78.8 ± 0.3 wt%),
1 mL of sodium azide (20 mg/mL) and the total liquid volume adjusted to 100 mL using
0.1 M citric acid buffer (pH adjusted to 4.8). Samples were taken in the time at 0, 24, 48
and 72 h. Each treatment was performed in triplicate. The incubated flasks were placed
in an orbital shaker maintained at 50 ºC and 250 rpm. Comparison between T. reesei
broth and Accellerase® 1500 was established at total glucan, xylan and arabinan
conversions at the end of enzyme hydrolysis.
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2.2.5. Sugar conversion
Enzyme hydrolysis produces both reduce sugars (such as glucose, xylose,
arabinose and galactose) and disaccharides (such as cellobiose). Based on the
concentration obtained in the hydrolyzate (for both composition and enzymatic
saccharification), these produced sugars could be correlated to the total weight of
biomass.
One mole of cellobiose contains two moles of glucose for the determination of
total glucose in switchgrass hydrolysis.
Glucan = Glucose produced (mg) X 0.9 (hydration factor)
Xylan = Xylose produced (mg) X 0.88 (hydration factor)
Arabinan = Arabinose produced (mg) X 0.88 (hydration factor)
Galactan = Galactose produced (mg) X 0.9 (hydration factor)

Enzymatic digestibility (ED) %
= Sugar released during enzyme hydrolysis (mg) X 100
Sugars in SAA-treated switchgrass (mg)

2.2.6. Analytical Section
NREL standard methods were used for the determination of carbohydrate, lignin
and extractive contents. Both ammonia-pretreated and untreated switchgrass were
subjected to compositional analysis to determine sugar compositions. Acid insoluble
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lignin, carbohydrate content, and digestibility were all determined following NREL
Chemical Analysis and Testing Standard Procedure (2005a, 2005b, 2008a, 2008b).
Cellobiose, glucose, xylose, arabinose and galactose were used as external standards in
the range of 0.1-10 mg/mL. Each sample was run in quadruplicate. Carbohydrates were
analyzed using two HPLCs (Shimadzu SIL-10AF (Catalog# 228-38599-92) with detector
RID-10A (Shimazdu) and equipped with a Bio-Rad Aminex 87H (BioRad, Catalog #1250140). Moisture content of the switchgrass in the three particle sizes was determined by
oven-drying method at 105 ºC to constant weight.
Cellulase enzyme activity (reported in FPU/mL) was determined (Decker et al.
2003; NREL 2008c) using BioTeK® plate reader (BioTeK®, Model# Synergy HT) at 540
nm (Esterbauer et al. 1991). Prior to protein assay, samples were centrifuged at 10,000
rpm for 10 minutes. The protein content of the fermented broth (supernatant) was
measured at 592 nm using Coomassie PlusTM Protein Assay Reagent (Thermo Scientific,
Catalog# 23236) with bovine serum albumin standard (Sigma-Aldrich, Catalog# 23209,
Pierce). Sample without inoculation of spores were used as reference for protein
determination.

2.2.7. Experimental Design
Enzyme production from Solka-Floc®, SAA-treated and untreated switchgrass by
T. reesei Rut C-30 were compared using regression analysis. A random block analysis
was performed on the enzyme hydrolysis of T. reesei broth with and without externally
added β-glucosidase to examine interaction of enzyme with sugar yields and time. A full
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factorial analysis was performed to analyze the effect of Accellerase® 1500 at different
enzyme loadings with sugars conversions at 72 hours of hydrolysis. Least square mean
was used to judge statistical significance at a significance level of 0.05 of treatment
variables. Comparison between Accellerase® 1500 and T. reesei Rut C-30 broths was
established using glucan, xylan and arabinan conversion at 72 h of enzyme hydrolysis
using t-pair tests. JMP Pro (Windows; version 10.0.0 was used to identify significant
differences at p-value ≤ 0.05.
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2.3. Results and discussion
2.3.1. Effect of SAA pretreatment
The effects of SAA pretreatment on the sample weight balance and composition
of switchgrass were analyzed (Table 2.1). The SAA- pretreatment resulted in 32 wt% loss
of the initial weight of the sample (Table 2.1). At 60 °C, water pretreatment reduces the
biomass content up to 12 wt%. SAA-pretreatment of switchgrass resulted in a relative
decrease in 19 wt% glucan, 22 wt% xylan and 13 wt% galactan contents compared to the
untreated switchgrass sample. However, arabinan content was unchanged by the SAA
pretreatment (Table 2.1). The lower concentration of SAA pretreatment using 4.5 wt%
NH4OH at 60 ºC for 15 hours resulted in 32 wt% delignification of switchgrass (Table
2.1). Loss was due to sieve size (0.18 – 0.25 mm) used to retain washed particles. The
degree of delignification could differ based on the solvent concentration and the structure
and chemical composition of chosen feedstock (Kumar et al. 2011). The treatment
method significantly affected the lignin content (t-test, p≤ 0.05); when SAA-treated
switchgrass had the lowest lignin content. Based on t-pair tests, significant differences
were observed in polysaccharide and lignin contents of untreated and SAA-treated
switchgrass.
Kim and Lee (2007) demonstrated that up to 62 wt % delignification could be
achieved for corn stover using the SAA pretreatment under the conditions: 15 wt %
NH4OH, reaction temperature 60 ºC, reaction time 12 h and sample to solvent ratio of
1:6. The degree of delignification is a function of temperature and solvent concentration.
Temperatures increased from 40 to 90 ºC changed the delignification potential from 50 to
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77 wt % of the total lignin in corn stover using SAA pretreatment (Kim & Lee 2007). The
SAA-pretreatment (15 wt % NH4OH, reaction temperature 75 ºC, reaction time 24-72 h,
solid to sample ratio of 1:12) resulted in 50-66 wt % delignification when applied to
barley hull (Kim et al. 2008). In this study, the use of a lower NH4OH concentration
reduces the pressure vessel requirements compared to higher concentration processes at
60 ºC.

2.3.2. Effects of substrates on enzyme production
The inoculum activity of T. reesei was observed at 0.22 ± 0.04 FPU/mL with
protein content 0.12 ± 0.01 mg/mL. The enzyme production profile with SAA-treated,
untreated solid and Solka-Floc® using T. reesei Rut C-30 are shown in Figure 2.1. A
linear relationship between enzyme content of T. reesei Rut C-30 and enzyme
fermentation time was observed (Figure 2.1). Moreover, these linear relationships were
found significantly different for Solka-Floc®, SAA-treated switchgrass and untreated
switchgrass as carbon substrates (Figure 2.1). The enzyme content of 2.99, 1.34 and 0.37
FPU/mL were observed corresponding to Solka-Floc®, SAA-treated and untreated
switchgrass based cultures, respectively (Figure 2.1). Considering the large scale
production both enzyme productivity and time are important parameters, the enzyme
fermentation time was limited to 168 hours (Figure 2.1).
The difference in the enzyme production resulted from preexisting substrates and
pretreatment conditions. SAA-treated solid samples support the growth of T. reesei better
when compared to untreated solid samples. A non-uniform growth of T. reesei on
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untreated solid samples may have resulted from absorption of enzymes on lignin. Lignin
is an amorphous phenolic polymer that has an uneven surface able to accumulate
enzymes and reduces the amount of available enzyme necessary to hydrolyze cellulosic
biomass (Mosier et al. 2005; Kim and Holtzapple 2006). Enzyme hydrolysis rate and
yield of sugars are highly dependent on enzyme adsorption and the effectiveness of the
absorbed enzyme on the surface. Removal of lignin can eliminate non-productive
adsorption sites to some extent, thereby increasing access to hemicellulose and cellulose.
Surface area and crystallinity are important factors affecting enzyme hydrolysis (Fan et
al. 1980; Puri 1984; Zhu et al. 2008). Both the increase in surface area and decrease in
crystallinity of pretreated lignocellulosic biomass are favorable for maximum enzyme
hydrolysis (Fan et al. 1980). Most of the alkaline pretreatments including SAA increased
biomass surface area and reduced crystallinity (Bals et al.; Alizadeh et al. 2005; Mosier et
al. 2005; Kim, Lee et al. 2006; Kim, Taylor et al. 2008; Singh, Simmons et al. 2009).
Alkaline pretreatment on switchgrass using NaOH pretreatment (conditions: 1 wt%
NaOH, reaction temperature 120 °C, reaction time 2 h) resulted in 0.72 FPU/mL of
enzyme activity using T. reesei Rut C-30 (Conditions: growth temperature: 28 °C,
cultivation period: 3 days; Zhang et al. 2012).
In order to confirm this hypothesis on lignin-protein absorption, pure cellulose
Solka Floc® (Solka-Floc® EZ-200, catalog# 9004-34-6, International Fiber Corporation)
was tested for the production of cellulase enzyme and its enzyme activity (Figure 2.1).
Solka-Floc® consists of approximately 80% cellulose with no lignin (Ikeda et al. 2007)
and has been used as feedstock in enzyme production (Esterbauer et al. 1991). A lower
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crystallinity, lower degree of polymerization and absence of lignin resulted in greater
enzyme yield using Solka- Floc® compared to both SAA- treated and untreated solid
particles (Wyman et al. 2002; Kothari et al. 2002). The cellulase enzyme activity
decreases to 55% and 88% for SAA-treated and untreated switchgrass respectively,
compared to Solka- Floc® (Figure 2.1).

2.3.3. Enzyme production in 7-L fermenter
Enzyme fermentation using SAA-treated solids with T. reesei was performed
using a 7-L fermenter (New Brunswick Scientific Bioflow 110). The fermentation was
performed, maintaining pH 5.0 with continuous aeration at 1 vvm. At the end of the
fermentation (at 168 h), the enzyme activity of 1.80 FPU/mL with protein content of 0.70
mg/mL was obtained. Significant improvement in enzyme activity was observed for
continuously controlled pH fermentation when compared to periodically controlled pH
fermentation (Figure 2.1 and Figure 2.2). The enzyme productivity increases to 0.012
FPU/mL/h in controlled environment (Figure 2.2). The productivity of protein content
was found at 0.003 mg/mL/h (Figure 2.2). The growth associated profile was observed
for protein content.
Addition of peptone and surfactant (Tween-80) in enzyme production was also
tested. Enzyme productivity [g/L/h] was significantly increased as peptone content and
Tween-80 in the media was increased (Esterbauer et al. 1991). Surfactant plays an
important role both in preventing enzyme denaturation during agitation and in reducing
enzyme loading during hydrolysis (Eriksson et al. 2002). Also Tween-80 has been
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reported to increase the permeability of the cell membrane for the rapid secretion of the
enzyme (Tangnu et al. 1981). In addition, agitation plays an important role due to the
effects of mass transfer and enzyme production (Gibbs et al. 2000). Enzyme production
decreased at higher agitation speeds possibly due to physical denaturation of proteins
(Weber and Agblevor 2005).

2.3.4. Effect of T. reesei Rut C-30 fermented broth with and without externally
added β-glucosidase on enzymatic hydrolysis of SAA-treated switchgrass
The addition of β-glucosidase with fermented broth was analyzed to determine
saccharification efficiency of enzyme mixtures compared to fermented broth (without
externally added β-glucosidase) using SAA-treated switchgrass. T. reesei Rut C-30 broth
with externally added β-glucosidase (T+ β) resulted in 57 wt % of glucan conversion
compared to 41 wt % of glucan conversion using T. reesei Rut C-30 broth without
externally added β-glucosidase (T) (Figure 2.3). No significant difference was found in
the xylose and arabinose yields at 72 h of the enzyme hydrolysis (Figure 2.3). A
significant difference was found in cellobiose yields resulting from T+ β and T enzyme
mixtures. The cellobiose yields of 0.75 ± 0.14 g/L and 8.70 ± 0.45 g/L were observed for
the T+ β and the T enzyme mixtures, respectively, at 72 h of the enzyme hydrolysis.
During the enzyme hydrolysis, the activities of β-glucosidase and cellulase were
significantly inhibited by the glucose and cellobiose released. Moreover, literature
indicates that the inhibitory effect of cellobiose is much stronger than that of glucose
(Xiao et al. 2004). The use of 168-h fermentation broth with addition of β-glucosidase
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enzyme minimized the cellobiose inhibition effect (Figure 2.3). The total polysaccharide
conversion of both T+ β and T enzymes mixtures resulted in 54 wt% and 46 wt%,
respectively of the total 20 g SAA-treated biomass.
Effects of different enzyme loading of Accellerase® 1500 are shown in Figure 2.4
and Table 2.2. The enzyme loading at 160 FPU per g of biomass and 80 FPU per g of
biomass were not significantly different from each other for glucose yield and xylose
yield (Figure 2.4). Lower enzyme loadings of 20 FPU per g of biomass and 40 FPU per g
of biomass of biomass were significantly different for glucose yield and xylose yield
(Pessani 2011). Total glucan, xylan and arabinan conversions were observed at 52.6 ±
0.31 wt%, 25.8 ± 0.11 wt% and 24.8 ± 1.77 wt% for 80 FPU (Accellerase® 1500) per g of
biomass (Figure 2.4). The total polysaccharide conversion was predicted at 41 wt% of 20
g SAA-treated switchgrass. During the enzyme hydrolysis, no cellobiose was detected
with any Accellerase® 1500 loadings. The lower conversion of Accellerase® 1500 (at 80
FPU per g of biomass and 160 FPU per g of biomass) compared to T+ β and the T
enzyme mixtures indicated that composition of enzyme mixtures play an important role
in the overall hydrolysis of SAA-treated switchgrass.
T. reesei Rut C-30 produces a wide range of enzymes including xylananse,
pectinase and lacasse (Xiong 2004). Different enzymes production along with cellulolytic
enzyme greatly enhances the enzymatic hydrolysis (Xiong 2004). In addition, the use of
lignocellulosic material for enzyme production affects the composition of produced
cellulolytic enzyme (Zhang et al. 2012). Zhang (2012) mentioned “the same feedstock
and hydrolysis conditions, enzymes from cultures on different treated samples had
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significantly different hydrolysis performance compared to commercial enzymes and
enzymes from cultures on chemical defined medium.”
Most commercial enzymes can hydrolyze 60 to 90% of pretreated-lignocelluloses
feedstock and take up to 48 h for complete hydrolysis (Xiao et al. 2004; Bals et al.2010).
However, the extent of enzymatic hydrolysis depends on the presence of particle size,
lignin, hemicellulose, crystallinity of cellulose and pore size of the lignocellulosic
feedstock (Mosier et al. 2005, Kim and Holtzapple 2006, Eriksson et al. 2002, Mooney et
al. 1998). In addition, the concentration of solvent for the pretreatment and pretreatment
temperature has a significant effect on the properties of lignocellulosic material for
enzymatic hydrolysis (Fan et al. 1980; Puri 1984; Zhu et al. 2008).

2.4. Conclusion
Pretreatment at a lower NH4OH concentration reduces the pressure needed which
reduces both capital investment and energy requirement (due to thickness of the vessel).
SAA pretreatment using 4.5 wt% of NH4OH resulted in 32 wt% delignification of
switchgrass. Enzyme production using T. reesei Rut C-30 on Solka-Floc® and SAAtreated solid particles were compared. Controlled pH and aeration of the fermenter
significantly increased enzyme activity when compared to employing a shake-flask
reactor. Addition of β-glucosidase from an external source to the fermentation broth
would enhance enzyme activities by the immediate hydrolysis of cellobiose that would
alleviate product inhibition during cellulose hydrolysis and shorten the enzyme
hydrolysis time. In addition, this study suggests that onsite cellulolytic enzymes
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production with addition of β-glucosidase (from an external source) would be more
beneficial towards cellulosic biofuel production. The onsite enzyme production provides
more efficient cellulolytic enzyme based on the nature of the feedstock.
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Figure 2.1. Enzyme production profiles by T. reesei Rut C-30 fermentation from
Solka-Floc®,
SAA-treated and
untreated switchgrass as substrate in shaker
flask experiments. Note: Solid lines represent the enzyme production profiles. Dashed lines
represent the overall enzyme productivity rates. Values are average of three replicates.
Error bar represents standard error.

88

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

3.0
2.5
y = 0.0109x - 0.0875
R² = 0.9536

2.0
1.5
1.0

y = 0.0033x + 0.049
R² = 0.886

0.5

0.0
0

24

48
72
96
120
Enzyme Fermentation Time [h]

144

Protein content [mg/mL]

Enzyme Content [FPU/mL]

3.5

168
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Figure 2.3. Effect of addition of β-glucosidase on sugar release profiles for A) glucose, B)
xylose and C) arabinose yields (g/L) with their % polysaccharides conversion on secondary
y-axis, using
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Figure 2.4. Effect of enzyme loading on sugar release by Accellerase® 1500 on SAAtreated switchgrass. Sugar yields of D) glucose, E) xylose and F) arabinose yields (g/L)
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Table 2.1. Effect of pretreatments on switchgrass
A. Sample weight before and after pretreatments1
Pretreatment
(at 60 °C for 15 h)
water
SAA

Before pretreatment
(dwb, g)
15.52 ± 0.04
15.49 ± 0.03

After pretreatment
(dwb, g)
13.81 ± 0.09
10.60 ± 0.10

B. Chemical composition before and after pretreatments2

Glucan
Xylan
Galactan
Arabinan
AILa

Untreated
[wt %]
35.06 ± 0.69
23.84 ± 0.46
1.57 ± 0.06
3.22 ± 0.12
18.01 ± 0.17

SAA-treated
[wt %]
28.40 ± 0.58
18.82 ± 0.40
1.37 ± 0.06
3.22 ± 0.10
12.39 ± 0.00

ASLb
Ash
Extractives

0.96 ± 0.06
0.96 ± 0.00
13.00 ± 0.64

0.75 ± 0.00
0.96 ± 0.00
-

Solid residuesc (%)

96.62 ± 2.20

65.91 ± 1.14

Components

Note:
1
Two observations were made at mass balance.
2
Four observations were made at chemical compositions
a
AIL : Acid insoluble lignin
b
ASL: Acid soluble lignin
Values are expressed as average and standard error
c
For instance, when the data says that the solid contains 35.06 wt% glucan based on the
oven dry untreated switchgrass, that implies the solid residues (remaining solid after
pretreatment, 96.62 for untreated) contains 36.29 wt% glucan.
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Table 2.2 Effect of Accellerase® 1500 loadings on the enzymatic saccharification of SAAtreated switchgrass
A. Glucan conversion
Level
L4
L3
L2
L1

C

Least Sq Mean
54.36
53.10
48.13
39.54

C

Least Sq Mean
27.46
26.73
22.48
16.10

A
A
B

B. Xylan conversion
Level
L4
L3
L2
L1

A
A
B

C. Arabinan conversion
Level
L4
L3
L2
L1

Least Sq Mean
25.86
25.48
23.83
17.30

A
A
A
B

D. Total polysaccharide conversion
Level
L4
L3
L2
L1

A
A
B
C

Least Sq Mean
42.50
41.50
37.01
29.37

Note:
L1 = 20 FPU/g of biomass, L2 = 40 FPU/g of biomass, L3 = 80 FPU/g of biomass, L4 =
160 FPU/g of biomass.
Levels not connected by same letter are significantly different.
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CHAPTER THREE
EFFECTS OF SOAKING IN AQUEOUS AMMONIA (SAA) PRETREATMENTS
AND ENZYME LOADINGS ON CONVERSION OF SWEET SORGHUM
BAGASSE INTO FERMENTABLE SUGARS

Abstract
Utilization of lignocellulosic feedstock such as sweet sorghum bagasse in biofuel
production requires both pretreatment and enzymatic hydrolysis. In the present research,
the effect of soaking in aqueous ammonia (SAA) pretreatments at 3.75 wt%, 7.5 wt% and
15 wt% NH4OH were analyzed on sweet sorghum bagasse. All pretreatments were
conducted maintaining 1:10 (wt:vol) sample to solvent ratio at 60 °C for 15 hours. The
enzyme hydrolysis of pretreated bagasse solids were performed at three different enzyme
loadings (i.e. 20 FPU per g biomass, 40 FPU per g biomass and 80 FPU per g biomass)
using Accellerase® 1500. The maximum enzyme hydrolysis at 80 FPU per g of biomass
resulted in 71% / 55% of glucan conversion / total polysaccharide conversion for the
solids pretreated using 15 wt% NH4OH pretreatment at enzyme loading of 80 FPU per g
of biomass. The total biomass conversion was observed at 50 wt% after 72 hours of
enzyme hydrolysis.
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3.1. Introduction
Lignocellulosic biomass (woods, herbaceous crops, cereal crops, components of
municipal solid waste) consists of lignin, hemicellulose and cellulose that provide the
structural framework of plant matter. In lignocellulosic feedstock, the percentage of
lignin varies in chemical composition from feedstock to feedstock (Sun and Cheng 2002).
Softwood contains higher amounts of lignin compared to hardwood and grasses (Sun and
Cheng 2002; Lee 2007).
A wide range of fuels could be derived via biological or chemical processes using
microorganisms or acids and bases to break down cellulose, hemicelluloses and lignin
(Chandrakant and Bisaria 1998; Huber et al. 2006). The conversion of lignocellulosic
material to biofuel is a more complicated process than the hydrolysis of sugar and starch
crops, because lignocellulosic materials contain more complex sugar polymers of
cellulose and hemicellulose adhered with lignin (Lee 2007).
Many processes being developed involve pretreatment followed by hydrolysis to
produce monomeric sugars. The goal of pretreatment is to separate the polysaccharide
matrix of cellulose and hemicellulose from lignin (Chandrakant and Bisaria 1998;
Mosier, Wyman et al. 2005) and to loosen the structure enabling sights for chemical or
enzymatic catalysis. The polysaccharide matrix may be hydrolyzed using chemical routes
(such as acid hydrolysis) or by biological enzymatic routes (Huber et al. 2006). The
sugars derived from pretreated lignocellulosic biomass are fermented to produce a wide
range of biofuels such as ethanol, hydrogen, biodiesel via lipid biosynthesis, and butanol
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(Chandrakant and Bisaria 1998; Kim, Taylor et al. 2008; Alvira, Tomas-Pejo et al. 2010;
Panagiotopoulos, Bakker et al. 2010; Wu, Arakane et al. 2011a; Wu, Li et al. 2011b).
Many possible methods of pretreatment have been reported including steam
explosion, diluted acid hydrolysis, concentrated acid hydrolysis, supercritical CO2
explosion and extraction, alkaline pretreatment (sodium hydroxide, potassium hydroxide,
lime), ionic liquids, soaking in aqueous ammonia (SAA), ammonia recycles percolation
(ARP) and ammonia fiber explosion (AFEX) pretreatment (Alizadeh, Teymouri et al.
2005; Mosier, Wyman et al. 2005; Huber, Iborra et al. 2006; Kim, Lee et al. 2006; Kim
and Lee 2007; Kim, Taylor et al. 2008; Singh, Simmons et al. 2009; Alvira, Tomas-Pejo
et al. 2010; Panagiotopoulos, Bakker et al. 2010; Wu, Arakane et al. 2011a; Wu, Li et al.
2011b). In many of these pretreatments, the formation of inhibitory compounds such as
furfural and 5-hydroxymethylfurfural (HMF) at high temperature are major constraints
(Mosier, Wyman et al. 2005). SAA pretreatment operates at moderate temperatures
ranging from 30-80 ºC with less formation of inhibitory compounds compared to other
pretreatments (Kim and Lee 2007). Gupta (2008) mentioned that alkaline pretreatments
degrade lignin mainly due to the breakage of aryl-ether and diaryl-ether linkages, yet
carbon-carbon bonds are relatively stable in the lignocellulosic biomass. Additionally,
SAA pretreatment preserves cellulose and hemicellulose in a solid state; the use of
ammonium hydroxide potentially makes the SAA process more economical than other
pretreatment methods because of its relative ease of recovery, ability to reduce enzyme
loading in subsequent steps and its abundance as a commodity chemical (Mosier, Wyman
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et al. 2005; Kim and Holtzapple 2006; Kim, Lee et al. 2006; Kim and Lee 2007; Kim,
Taylor et al. 2008).
According to Osburn (1993), if 6% of US contiguous land was converted for the
cultivation of biomass including herbaceous crops, grasses, wild plants and algae, all
demands of gas and oil could be supplied with no net carbon dioxide addition to the
environment. Fuels derived from lignocellulosic biomass are renewable, low in sulfur
content, and as efficient as many fossil fuels.
Sweet sorghum has been identified as a potential biomass crop for biofuel
production. Sweet Sorghum’s adaptability to sub-humid and semiarid climates, high
yield with low fertilizer input, low water requirement and 3-4 month cultivation period
are key advantages of using it as a biofuel crop (Wu, Arakane et al. 2011a-b).
The objective of the present research was to evaluate the effects of different
ammonia concentrations on the SAA pretreatment processes for sweet sorghum bagasse
compositional analysis including glucan, xylan, arabinan, lignin, ash and extractive
contents. Furthermore, the capability of the SAA-treated solids to be hydrolyzed using
Accellerase® 1500 enzyme mixture was extended using at three enzyme levels.
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3.2. Materials and methods
3.2.1. Sweet sorghum bagasse preparation
Sweet sorghum was received from Pee Dee research station, Florence, SC and
placed in the cold storage at -10 oC. The unwashed sweet sorghum bagasse was stored at
-10 °C for 1 year. The stored sweet sorghum bagasse was washed and dried for a week at
45 ºC before use. The dried stems were ground using a laboratory Wiley mill (Thomas
Model 4 Wiley® Mill) and sieved to pass through 0.5 mm mesh size. Milling and sieving
resulted in densification of biomass from smaller size particle residues. Moisture content
of ground sweet sorghum bagasse (0.5-1.0 mm) was measured at 0.02 ± 0.01 wt% using
dry oven method.

3.2.2. Soaking in aqueous ammonia (SAA) pretreatment
SAA pretreatment was conducted using 3.75 wt%, 7.5 wt% and 15 wt% NH4OH
(diluted from stock solution of 28 wt% NH4OH, BDH, Catalog# BDH3020-3.8LP).
Initially, 20.00 ± 0.1g (dwb) of sweet sorghum bagasse was mixed with 200 mL of 3.75
wt% NH4OH, 7.5 wt% NH4OH and 15 wt% NH4OH concentration using sample to
solvent ratio of 1:10 (wt/vol) and placed in Parr Reactor for 15 h at 60 °C with
continuous agitation. Each pretreatment was conducted in duplicate. Ammonia was
removed from the sample by air sparging for 1 hour followed by water washing step to
remove solubilized lignin. In the last wash, citric acid was added in the slurry to adjust
pH = 7. Samples were analyzed for composition and enzymatic saccharification.
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3.2.3. Enzyme hydrolysis
Enzyme hydrolysis of SAA-treated sweet sorghum bagasse solids were performed
using commercial enzyme Accellerase® 1500 at three different levels of 20 FPU per g of
biomass, 40 FPU per g of biomass and 80 FPU per g of biomass. In 50 mL Falcon tube,
4.0 ± 0.01 g (dwb) of sample (moisture content 73 ± 2.3 wt%) was added with 1 mL of
sodium azide (20 mg/mL), Accellerase® 1500 enzyme and the total volume was adjusted
to 40.5 mL using 0.05 M citric acid buffer (pH 4.8). The enzyme loading of 20, 40 and 80
FPU per g of biomass correspond to 1, 2 and 4 mL of undiluted Accelleralse® 1500,
respectively. An orbital shaker was maintained at 50 ºC and 250 rpm. Samples were
taken in the time at 0, 6, 24, 48 and 72 h. All experiments were conducted in duplicate.

3.2.4. Sugar conversion
Accellerase® 1500 resulted in the production of the monomeric sugars glucose,
xylose and arabinose with no cellobiose detected in sweet sorghum bagasse hydrolysate.
Enzymatic digestibility (ED) of each sugar was calculated as following equation:
ED (%) = Sugar released during enzyme hydrolysis (mg)

x 100

Sugars in SAA-treated sweet sorghum bagasse (mg)

where, sugar is glucan, xylan or arabinan
Glucan = Glucose produced (mg) X 0.9 (hydration factor)
Xylan = Xylose produced (mg) X 0.88 (hydration factor)
Arabinan = Arabinose produced (mg) X 0.88 (hydration factor)
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3.2.5. Analytical Section
NREL Chemical Analysis and Testing Standard Procedures were followed for
carbohydrate, acid-insoluble lignin, digestibility and extractive contents (NREL 2005a,
2005b, 2008a). Carbohydrates were analyzed by Shimadzu high pressure liquid
chromatography (HPLC) SIL-10AF equipped with a Biorad Aminex 87-H column, 0.01
N H2SO4 mobile phase, 65 C column temperature, and RID (refractory index detector)10A. Moisture content of sweet sorghum was measured using oven drying at 105 ºC to
constant weight. Cellulase enzyme activity (reported in FPU/mL) was determined (NREL
2008b) using BioTeK® plate reader (BioTeK®, Model# Synergy HT) at 540 nm.
Statistical analysis was carried out using JMP® Pro 10.0.0. A full factorial
statistical analysis was performed to analyze the effect of different pretreatment levels
and enzyme loading levels on glucan conversion and total polysaccharide conversion (at
72 hours of enzymatic saccharification). Combined effect of experimentally obtained and
calculated biomass residues (after enzyme hydrolysis) was analyzed using 2x3x3 factorial
design. Least square mean was used to judge statistical significance at a significance level
of 0.05 of treatment variables.
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3.3. Results and Discussion
3.3.1. Effect of SAA pretreatment
The effects of SAA pretreatment on the sample weight balance and composition
of sweet sorghum bagasse were analyzed (Table 3.1). SAA-pretreatment was resulted in
26.16 ± 0.64 wt%, 30.73 ± 0.03 wt% and 33.89 ± 0.82 wt% biomass lost for 3.75 wt%
NH4OH treated biomass, 7.5 wt% NH4OH treated biomass and 15 wt% NH4OH treated
biomass, respectively. Water pretreatment (control) at 60 ºC resulted in 19.8 ± 0.16 wt%
of biomass loss. Water pretreatment at 60 ºC shows the minimal amount of biomass loss
during pretreatment. The lost biomass mainly contained lignin and extractive contents of
sweet sorghum bagasse (Table 3.1).
The effects of different pretreatments on the compositions of sweet sorghum
bagasse are shown in Table 3.1. Approximately 60 wt% of total sugar dry matter is
polysaccharide (glucan, xylan and arabinan contents) that could be utilized for different
fermentation applications following hydrolysis (Chandrakant and Bisaria 1998; Kim,
Taylor et al. 2008; Alvira, Tomas-Pejo et al. 2010; Panagiotopoulos, Bakker et al. 2010;
Wu, Arakane et al. 2011; Wu, Li et al. 2011). The results indicated that increase in
NH4OH concentration quantitatively both increases the polysaccharide content and
decreases the lignin content of sweet sorghum bagasse. Chemical composition of sweet
sorghum bagasse varies with both geographical location and different species. Sweet
sorghum was previously reported with cellulose, hemicellulose, lignin and ash contents
at 58-44, 24-26, 20-14 and 1.4-0.4 wt% respectively (Kim and Day 2010; Zhang 2011;
Thanapimetha 2011). With increasing NH4OH concentration at 60 °C, a significant
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difference was observed in the polysaccharide content of bagasse (Table 3.1). The
retained glucan content of 100%, 97% and 95% were observed with 3.75 wt% NH4OH,
7.5 wt% NH4OH and 15 wt% NH4OH, respectively. Xylose and arabinose were found
well preserved with all SAA pretreatment conditions (Table 3.1). Lignin content was
reduced to 54.2, 69.6 and 85.7 wt% for 3.75 wt% NH4OH treated biomass, 7.5 wt%
NH4OH treated biomass and 15 wt% NH4OH treated biomass, respectively, compared to
untreated biomass (Table 3.1).
Isci (2008) reported SAA-treated switchgrass resulted in 30-35% weight loss in
75-L vessel (conditions: 29.5 wt% NH3, reaction temperature 15-33 ºC, reaction time 5
days, solid to sample ration of 1:5). The similar biomass weight loss was observed with
15 wt% NH4OH at 60 °C (in this study). In addition, the lower temperature increases the
processing time compared to higher temperature.
The degree of delignification can differ based on the pretreatment conditions and
chemical composition of feedstocks (Kumar, Kothari et al. 2011). Kim and Lee (2007)
achieved 62 wt% delignification of corn stover using the SAA pretreatment (conditions:
15 wt% NH4OH, reaction temperature 60 ºC, reaction time 12 h, and sample to solvent
ratio of 1:6). The degree of delignification of feedstock is a function of both temperature
and solvent concentration. Temperatures increased from 40 to 90 ºC changed the
delignification potential from 50 to 77 wt% for corn stover using SAA pretreatment (Kim
& Lee 2007). The SAA-pretreatment (15 wt% NH4OH, reaction temperature 75 ºC,
reaction time 24-72 h, solid to sample ratio of 1:12) resulted in 50-66 wt% delignification
when applied to barley hull (Kim et al. 2008). The lower concentration of SAA
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pretreatment using 4.5 wt% NH4OH at 60 ºC for 15 hours resulted in 32 wt%
delignification of switchgrass (Jain et al. 2013). In the present study, the delignification at
85.7 wt% was observed (Conditions:15 wt% NH4OH, reaction temperature 60 ºC,
reaction time 24 h, solid to sample ratio of 1:10).

3.3.2. Enzyme hydrolysis of pretreated bagasse solids
The effects of different enzyme loadings and SAA-pretreatments were analyzed
using total glucan conversion and total polysaccharide conversion (Figure 3.1). Based on
the factorial analysis, pretreatment and enzyme loading had significant effect on both
glucan conversion and total polysaccharide conversion (Table 3.2). The highest value of
glucan conversion/total polysaccharide conversion of 70.65/ 55.35 wt% was observed
corresponding to 15 wt% NH4OH-treated biomass (Enzyme loading: 80 FPU per g
biomass). The lower concentration of NH4OH (3.75 wt% and 7.5 wt%) resulted in lower
yield of glucan conversion and total polysaccharide conversion at higher enzyme loading
(80 FPU per g of biomass; Table 3.2). This lower yield can be explained based on the
lignin content remained in sweet sorghum bagasse after the pretreatment (Table 3.1).
Lignin is an amorphous phenolic polymer with an uneven surface resulting in the
accumulation and adsorption of enzymes, thus reducing the available enzymes necessary
to hydrolyze the lignocellulosic biomass during enzyme hydrolysis (Table 3.2). The
enzyme hydrolysis rate and the yield of available sugars depend on enzyme absorption on
the surface of lignocellulosic biomass (Pan 2008). Removal of lignin can eliminate nonproductive absorption sites to some extent, thereby increasing access to hemicellulose
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and recalcitrant cellulose content. Lignin content, surface area and crystallinity are
important factors affecting enzyme hydrolysis (Mooney et al. 1998; Zhu et al. 2008).
Increasing the surface area, while decreasing both lignin content and crystallinity favor
maximum enzyme hydrolysis (Puri 1984). However, lignin content and biomass
crystallinity dominate digestibility (Zhu et al. 2008). Gama and Mota (1997) have
reported that the crystallinity of biomass remained constant during the enzyme hydrolysis
which could be associated with different velocity.
The overall effect of SAA pretreatment on sweet sorghum bagasse can be
analyzed based on the remaining residues after the enzyme hydrolysis. Biomass residues
play an important role in downstream processing. Lower biomass residues correspond to
less energy intensive process during downstream process. The calculated and
experimentally obtained biomass residues after the enzyme hydrolysis were compared
(Table 3.3). Comparable results were obtained between calculated and experimentally
obtained biomass residues based on the differences (Table 3.4). A similar profile to total
polysaccharide conversion was obtained. The difference between biomass residue and
total polysaccharide conversion could be resulted from non uniform moisture content of
SAA-treated biomass (utilized for enzyme hydrolysis) at different level of NH4OH
pretreatment.
The higher concentration of SAA pretreatment using 15 wt% NH4OH at 60 °C
showed the best results in both increasing polysaccharide content and decreasing biomass
residues (after the enzyme hydrolysis). As discussed earlier, pretreatment processing
time, processing temperature and concentration of NH4OH affect the enzyme
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digestibility. In addition, the optimal mixture of cellulase and xylanase would enhance
the productivity of total polysaccharide conversion.

3.4. Conclusion
In a biofuel refinery, both productivity and efficiency of the process are equally
important for utilization of lignocellulosic feedstock. The SAA pretreatment (using 15
wt% NH4OH) was effective in 85.7 wt% delignification while retaining the most of
hemicellulose and cellulose content of sweet sorghum bagasse solids. Concentration of
NH4OH plays an important role in both removing lignin and increasing enzyme
digestibility. Increasing concentration of NH4OH in SAA pretreatment reduces both
enzyme hydrolysis time and enzyme loading compared to lower concentration of NH4OH
(3.75 wt% NH4OH and 7.5 wt% NH4OH). In addition, the higher loading of NH4OH
decreases the biomass residue (in the downstream after the enzyme hydrolysis).
Accellerase® 1500 was effective in increasing glucose productivity with
increasing NH4OH concentration. Enzyme loading is a crucial part in lignocellulose
based sugar productivity and affected pretreatment condition. A higher enzyme loading
reduces the processing time, but must be balanced with increasing the processing cost.
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Figure 3.1. Sugar release profile for the enzyme hydrolysis of sweet sorghum bagasse
with different NH4OH concentrations: 1) 3.75 wt% NH4OH treated biomass, 2) 7.5 wt%
NH4OH treated biomass and 3) 15 wt% NH4OH treated biomass) at 3 different enzyme
loadings of
20 FPU per g biomass,
40 FPU per g biomass and
80
®
FPU per g biomass using Accellarase 1500 . The resulted A) glucose yield and B) total
sugars yield with their conversion percentages on secondary Y-axis. Note: Points are
average of two replicates. Error bars represent standard errors.
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Table 3.1. Effect of pretreatments on sweet sorghum bagasse
A. Sample weight before and after pretreatments

Pretreatment
Before pretreatment (g)
After pretreatment (g)

Water

3.75 wt%
NH4OH

7.5 wt%
NH4OH

15 wt%
NH4OH

20.00 ± 0.00
16.44 ± 0.52

20.05 ± 0.06
14.80 ± 0.07

20.10 ± 0.01
13.89 ± 0.03

20.00 ± 0.02
13.21 ± 0.10

B. Chemical composition before and after pretreatments
Pretreatment
Untreated
Component
Glucan
Xylan
Arabinan
AILa
ASLb
Ash
Extractive
Solid residuesc (%)

[wt%]
37.56 ± 0.55
21.28 ± 0.57
1.65 ± 0.00
18.08 ± 0.27
0.80 ± 0.00
1.10 ± 0.10
19.54 ± 0.20
100.00 ± 0.14

3.75 wt%
NH4OH

7.5 wt%
NH4OH

15 wt%
NH4OH

[wt%]
37.63 ± 0.84
21.21 ± 0.28
1.64 ± 0.00
11.46 ± 0.20
0.70 ± 0.03
1.18 ± 0.00
73.84 ± 0.14

[wt%]
36.60 ± 0.26
20.46 ± 0.11
1.66 ± 0.08
8.70 ± 0.11
0.70 ± 0.02
1.01 ± 0.03
68.98 ± 0.14

[wt%]
35.74 ± 0.24
20.29 ± 0.57
1.57 ± 0.03
6.65 ± 0.12
0.71 ± 0.01
1.16 ± 0.04
66.11 ± 0.93

Note:
Pretreatment conditions: Sample to solvent ratio 1:10 (wt/vol) at 60 °C for 15 h.
Carbohydrate and lignin contents in the table are expressed based on the wt% of
pretreated biomass
Two observations were made at each combination
Values are expressed as mean and standard error
Lignin: acid insoluble lignin (AIL)a + acid soluble lignin (ASL)b
c
For instance, when the data says that the solid contains 37.63 wt% glucan based on the
oven dry 3.75 wt% NH4OH treated sweet sorghum bagasse that implies the solid residues
(remaining solid after pretreatment, 73.84 for 3.75 wt% NH4OH treated biomass)
contains 50.96 wt% glucan.
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Table 3.2. Effect of pretreatment NH4OH levels and enzyme loading levels on the
saccharification efficiency of sweet sorghum bagasse
A. Glucan conversion
Level
N3,E3 A
N3,E2
B
N2,E3
C
N2,E2
D
N3,E1
E
N1,E3
F
N2,E1
G
N1,E2
H
N1,E1
I

Least Sq Mean
70.65
59.15
53.75
46.68
43.02
38.18
35.69
31.89
24.81

B. Total polysaccharide conversion
Level
N3,E3
N3,E2
N2,E3
N2,E2
N1,E3
N3,E1
N2,E1
N1,E2
N1,E1

A
B
B
C
D
D
E
E
F

Least Sq Mean
55.35
42.16
42.00
32.66
28.84
28.78
23.92
23.30
16.48

Abbreviation: N1 = 3.75 wt% NH4OH, N2 =7.5 wt% NH4OH, N3 = 15 wt% NH4OH,
E1 = 20 FPU per g of biomass, E2 = 40 FPU per g of biomass, E3 = 80 FPU per g of
biomass.
Note: Levels not connected by same letter are significantly different
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Table 3.3. Biomass residue after enzyme hydrolysis
Enzyme loading
[FPU/g of biomass]

Predicted
[dwb,g]

Actual
[dwb,g]

3.75 wt% NH4OH
3.75 wt% NH4OH
3.75 wt% NH4OH
7.5 wt% NH4OH
7.5 wt% NH4OH

20
40
80
20
40

3.46 ± 0.00
3.24 ± 0.00
3.06 ± 0.01
3.19 ± 0.01
2.89 ± 0.02

3.51 ± 0.03
3.26 ± 0.07
3.03 ± 0.01
3.19 ± 0.08
3.02 ± 0.02

7.5 wt% NH4OH
15 wt% NH4OH
15 wt% NH4OH
15 wt% NH4OH

80
20
40
80

2.57 ± 0.01
3.00 ± 0.02
2.53 ± 0.01
2.07 ± 0.04

2.62 ± 0.04
3.01 ± 0.00
2.58 ± 0.08
2.06 ± 0.05

Pretreatment

Note:
Two observations at each combination.
Values are expressed as mean and standard error.
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Table 3.4. Effect of pretreatment NH4OH levels and enzyme loading levels on the
remaining biomass residues of sweet sorghum bagasse [wt%] after enzyme hydrolysis
Level
N1,E1 A
N1,E2
N2,E1
N1,E3
N3,E1
N2,E2
N2,E3
N3,E2
N3,E3

B
B
C
C

D
D
E
E
F

Least Sq Mean
87.13
81.21
79.65
76.07
75.03
73.82
64.91
63.82
51.64

Abbreviation: N1 = 3.75 wt% NH4OH, N2 =7.5 wt% NH4OH, N3 = 15 wt% NH4OH,
E1 = 20 FPU per g of biomass, E2 = 40 FPU per g of biomass, E3 = 80 FPU per g of
biomass.
Note: Levels not connected by same letter are significantly different
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CHAPTER FOUR
COMPARISION OF PRETREATMENT METHODS FOR LOBBLOLLY PINE
TO UTILIZE AS ENZYME HYDROLYSATE FEEDSTOCK

Abstract
Loblolly pine contains high polysaccharide content compared to herbaceous feedstocks
such as switchgrass and sweet sorghum bagasse. Transportation and utilization of loblolly
pine wood chips would be more beneficial towards increasing productivity of bioproducts
(sugars) in developing an integrated biorefinery. In the present study, pretreatment
effects of alkaline hydrogen peroxide (AHP) and ethyl-hydro-oxides (EHOs) were
analyzed on pine wood chip (0.5-1.0 mm) at 78 °C for 24 h. Ethanol-water mixtures
found dominant both in increasing the saccharification efficiency and controlled foaming
during EHOs pretreatment. The enzyme hydrolysis of EHOs-treated and AHP-treated
solids resulted in of 91/80 wt% and 75/64 wt% of total glucan/total polysaccharide
conversions at 72 hours, respectively. Response surface methodology analyses were
performed to determine the optimal concentration of EHOs solvent formulation based on
variables (temperature (°C), ethanol concentration (vol%), potassium hydroxide
concentration (wt%), hydrogen peroxide concentration (wt%)) through enzymatic
saccharification of ground pine wood chips. At the 95% confidence interval, the
maximum total polysaccharide conversion of 69 wt% of was predicted using
Accellerase® 1500 with 33 vol% ethanol + 3.8 wt% KOH + 3.5 wt% H2O2 at 68 °C with
24hrs incubation.
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4.1. Introduction
Various lignocellulosic feedstocks including switchgrass, sweet sorghum bagasse,
rice straw, wheat straw, hardwood and softwood have been investigated for biofuel
production. Softwood such as loblolly pine (Pinus taeda) is a fast-growing tree. Loblolly
pine can reach heights ranging from 18-30 m with diameters between 0.3 to 1.5 m,
depending on the geographic condition and location between time ranges of 30-60 years.
The composition (dry weight basis, dwb) of loblolly pine is 45-50% cellulose, 25-35%
hemicellulose and 25-35% lignin (Sun and Cheng, 2002). Due to high polysaccharide
content (65-75%) of loblolly pine, the efficiency of transportation and productivity could
be enhanced.
The pretreatment of pine wood chips is energy intensive, due to tight binding of
lignin with cellulose and hemicellulose components (Alen 2000). To enhance released of
polysaccharides from softwood, both physical and thermo-chemical pretreatments are
required. Physical pretreatment involves size reduction to increase the surface area per
unit volume. Size reduction is an energy intensive step. Pine wood chips require 1.7-3.8
times more energy compared to corn stover (Gil et al. 2009). In addition, the milling
energy requirement decreases with increasing particle sizes (Miao et al. 2011; Gil et al.
2009).
Numerous pretreatments have been reported in the literature for softwood
including use of steam, diluted and concentrated-sulfuric acid, alkaline hydroxide,
alkaline hydrogen peroxide and Organosolv (Kleinert 1971; Sjostrom 1981a-c; Guald
1983; Galbe and Zacchi 2002; Gupta 2008; Mosier et. al 2005; Harmsen 2010;
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Sannigrahi et al. 2013). The surplus of sulfuric acid and availability at low price makes
the Kraft process and the Sulfite process more economically viable compared to other
pretreatments. In paper/pulp industry, the pretreatment of ground pine wood chips is
carried out using the Kraft pulping process and the Sulfite process. In Kraft pulping
process, wood chips are mixed with sodium hydroxide and sodium sulfite at 160-220 °C
corresponding to steam pressure of 16 bars (absolute) for several minutes. The Sulfite
process produces harmful gases during the process. In addition, temperature processing at
above 180 °C produces furfural and hydroxymethyl furfural. The production of these
inhibitors affects both fermentation (conversion of sugars into ethanol) and downstream
processing (lower productivity) despite shorter processing time.
Alkaline hydrogen peroxide (AHP) pretreatment can increase the saccharification
efficiency up to 90% (Guald 1983). However, the scope of the AHP pretreatment is
limited to certain feedstocks due to high crystallinity of feedstock, volatility of reaction at
higher temperatures, and saccharification efficiency. In alkaline conditions, hydrogen
peroxide produces hydroxyl radicals (OH ), superoxide anions (O2 -), hydroperoxide
anions (HO2-), solvated electrons (aq. e- ) and atmospheric oxygen (O2) (Petri et al. 2011).
These generated hydrogen peroxide reactive species play important roles in
delignification of lignocellulosic feedstock (Guald 1983; Gupta 2008).
HO2- + H2O + 2 eOH + eO2 + e-

OHO2

-

3OH-

(Lide 2006)
(Bossmann et al. 1998)
(Afanas’ev 1989)
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In addition, AHP pretreatment could be performed using potassium hydroxide (KOH),
sodium hydroxide (NaOH), calcium hydroxide (Ca(OH)2) and aqueous ammonium
hydroxide (NH4OH). The selection of alkaline hydroxide should be considered based on
recovery of solvent or valued byproduct formation, pretreatment efficiency towards
increasing both enzymatic saccharification and fermentation and less energy intensive.
Use of NH4OH compared to NaOH and KOH is ineffective towards increasing enzymatic
saccharification of softwood (McMillan 1994). The efficiency of NH4OH is limited to
herbaceous crop and to some extent hardwood trees (Hu et al. 2008; Gupta 2008). Gupta
(2008) mentioned that the modification of NH4OH with H2O2 (condition: 15 wt%
ammonia + 5% H2O2 for 24hrs (4 hrs at 60°C and 20 hrs at 120 °C) with hybrid poplar
(hardwood) resulted in 68.5 wt% glucan digestibility (with cellulase) and 82.6 wt%
glucan digestibility (with cellulase and xylanase mixture). However, significant amount
of glucan loss (15 wt%) and xylan loss (50 wt%) were reported using NH4OH with H2O2
(Gupta 2008). KOH has both environmental and health benefits compared to NaOH. The
recovery of potassium ion (K+) in the form of KCl that has importance in fertilizer and
possible supplement to reduce NaCl that leads to hypertension (Magen 1996; Lilic et al.
2008; Kumar et al. 2011).
Organic solvents such as ethanol, methanol, and butanol are effective in
delignification of lignocellulosic feedstock. In the Organosolv pretreatment, use of
ethanol (50-80 vol%) along with mineral catalysts such as H2SO4 (0.5-1.75 wt%) and
strong oxidizing agent H2O2 at elevated temperature (180-210 °C) increases both
delignification and enzymatic saccharification (Mantanis 1994; Zhao et al. 2009;
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Sannigrahi et al. 2013). Organosolv pretreatment reaction mechanism involves formation
of hydro ion [H3O+] similar to autohydrolysis pretreatment. Formation of furfural and 5hydroxymethyl furfural reported at temperature above 180°C (Zhao et al. 2009). The
generated lignin has potential market value in the formation of carbon fibers (Sannigrahi
et al. 2013).The use of alkaline peroxide and organosolv pretreatments are limited in the
industry due to a high price of solvent, volatility of the reaction during the process (with
alkaline peroxide) and the recovery of the solvent after the pretreatment.
For the industrial bio-refinery set up, the following characteristics/factors must be
considered in a selection of the pretreatment.
-

Reusability of solvent stream after the pretreatment,

-

Minimum formation of inhibitory compounds during the process,

-

Short processing time,

-

Valuable by-products at the end of the process, and

-

Economic integration of the process to minimize energy input.

The objective of the present study was to compare the effect of EHOs
pretreatment (60 vol% + 5 wt% KOH + 5 wt% H2O2 with DI water) to AHP pretreatment
(5 wt% KOH + 5 wt% H2O2 with DI water) at 78 °C for 24 based on composition and
enzymatic saccharification. Furthermore, response surface method (RSM) was employed
for optimization of EHOs pretreatment formulation based on enzymatic saccharification
(using Accellerase® 1500) of treated pine wood chips.
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4.2. Materials and methods
4.2.1. Pine wood chips preparation
Pine woods chips were received from Arbogen (Ridgeville, SC). The moisture
content of the received pine wood chips was measured at 10.5 ± 0.6 wt %. The pine wood
chips were oven dried for 6 days at 40 ºC. The dried chips were ground by a laboratory
Wiley mill (Thomas Model 4 Wiley® Mill) and sieved with 0.5-1.0 mm mesh size. The
moisture content of sieved ground pine wood chips was measured at 0.11 ± 0.02 wt%
using oven drying at 105 ºC to constant weight.

4.2.2. Pretreatments
Pretreatment formulations consists of hydrogen peroxide (35 wt% H2O2, BDH,
catalog # BDH8814-3), potassium hydroxide (85 wt % KOH, Alfa Aesar, catalog #
A16199), 190 proof ethanol and DI water. The following pretreatments were performed
on ground pine wood chips.
1. Alkaline-hydrogen peroxide (AHP): AHP pretreatment formulation consists
of 5 wt% KOH, 5 wt% H2O2 and 90 vol% DI water. For instance, preparation of 80 unit
of AHP consists of 4g KOH, 11.4 mL of 35 wt% H2O2 and 63.6 mL of DI water.
2. Ethyl-hydro-oxides (EHOs): EHOs pretreatment formulation consists of 60
vol% ethanol, 5 wt% KOH, 5 wt% H2O2 and 30 vol% DI water. For instance, preparation
of 80 units of EHOs consists of 48 mL ethanol, 4 g KOH, 11.4 mL of 35 wt% H2O2 and
16.6 mL DI water. Both AHP and EHOs pretreatments were carried out at 78 °C for 24 h.
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Screw-capped laboratory 1 liter media glass bottles (Pyrex, Cataloge #16157-191)
and a Parr reactor (Model # 4550) were used for the pretreatment as described by Gupta
(2008). Parr reactor studies were conducted for AHP and EHOs pretreatment at 78 °C.
AHP and EHOs pretreatments were performed in 5 replicates (2 for mass balance and 3
for enzymatic saccharification). Initially, 8.07 ± 0.03 g of pine wood chips were added
with the above solvents in the ratio of 1:10 (w/v). The mixture was incubated at 25 °C for
1 hour at 150 rpm before adjusting to the pretreatment temperature. After the
pretreatment, ethanol (190 proof) wash was performed followed by three consecutive hot
water washes. Each wash corresponds to 200 mL. Solid residues were retained using
0.15-0.18 mm sieve. The retained samples were used for compositional and enzymatic
saccharification analysis. The final moisture content of the AHP –treated and EHOstreated solids were 70.8 ± 0.6 wt% and 74.5 ± 0.5 wt%, respectively.

4.2.3. Enzyme hydrolysis
4.2.3.1. AHP and EHOs-treated pine wood chips
Both AHP-treated solids and EHOs-treated solids were hydrolyzed using
Accellerase ® 1500. In 250 mL stopper conical flasks pretreated pine wood solids (AHPtreated solids = 6.2 ± 0.3 g (dwb) containing moisture content of 70.8 ± 0.6 wt% and
EHOs-treated solids = 5.9 ± 0.2 g (dwb) containing moisture content of 74.5 ± 0.5 wt%)
were added with 80 mL of 0.1 M citric acid buffer (pH 4.8), 80.2 FPU (filter paper unit)
of Accellerase 1500 enzyme per gram of dwb biomass (Nguyen 2011; Pessani et al.
2011), which was supplemented with 2.0 mL of 2% (w/v) sodium azide buffer solution.
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All treatments were conducted in triplicate. The flasks were incubated at 50 °C in a floor
shaker incubator (New Brunswick Scientific) at 250 rpm. Samples of 1 mL were taken
from the flask in time at 0, 24, 48 and 72h.

4.2.3.2. Response surface methodology for pretreatment optimization
The effects of four factors ethanol content (vol%), KOH content (wt%), H2O2
content (wt%), and operating temperature (°C) on AHP- and EHOs- formulations were
studied through the use of response surface methodology (RSM). RSM can be used to
find a combination of levels or settings for four factors that produces optimal values of
glucan conversion and total polysaccharide conversion. Central-Composite design (CCD)
of the four factors was used to create the data set for the RSM. CCD defines the
combinations of the four factors to use in the study. In this study, ethanol content had
three levels (0, 30. 60 vol%), KOH content had three levels (0, 2.5, 5.0 wt%), H2O2
content had three levels (0, 2.5, 5.0 wt%) and temperature had three levels (Temp; 38, 58,
78 oC). Using all possible combinations of these factor levels would require 34 or 81
combinations in the study. CCD requires only 2k(k-1) + Co combinations, where k is the
number of factors (4) and Co is the number of “center” combinations (all four factors set
at the middle level). In this study, with four factors and four center combinations, only
28 combinations were required. Note that in CCD, some values slightly larger and
smaller than the original levels of the factors are included. The combinations performed
are shown in Table 4.1. The pretreatment formulations are listed in Table 4.2. Each
pretreatment was performed in 5 replicates (three replicates for composition analysis and
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two replicates for enzyme hydrolysis). The response surface method involves designing
of experiment statistically; estimation of the regression coefficients in a mathematical
model; prediction of the response; and checking the adequacy of the mathematical model.
For response surface analysis, samples were added with 40.1 FPU/g of biomass
(0.5 mL of Accellerase® 1500) with 1 mL of sodium azide buffer solution followed by
the addition of 75 mL of 0.1 M citric acid buffer (pH 4.8). Samples were inoculated for
72 hours. All treatments were conducted in duplicate. The flasks were incubated in a
floor shaker incubator (New Brunswick Scientific) at 50 °C with continuous stirring at
250 rpm. Sample of 1 mL were taken from the individual flask at 0 and 72 hours of
hydrolysis.

4.2.4. Sugar conversion
Accellerase® 1500 produces monomeric sugars mainly glucose, xylose, mannose,
arabinose and galactose with no cellobiose.
Enzymatic digestibility (ED) of each sugar was calculated as following equation:
ED (%) = sugars released during enzyme hydrolysis (mg) X 100
sugars in treated pine wood chips (mg)
where, sugars are glucose, xylose, arabinose, galactose and mannose. The produced
sugars can be correlated to glucan, xylan, arabinan, galactan and mannan contents,
respectively, of pine wood chips using the following equations:- Glucan = glucose
produced (mg) X 0.9 (hydration factor); xylan = xylose produced (mg) X 0.88 (hydration
factor); mannan = mannose produced (mg) X 0.9 (hydration factor); arabinan = arabinose
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produced (mg) X 0.88 (hydration factor); galactan = galactose produced (mg) X 0.9
(hydration factor).
Accellerase® 1500 has activity towards cellulose hydrolysis.Enzyme hydrolysis
was reported as glucose yield and total sugars yield, where,
Total sugars Yield (g/L) = Glucose Yield (g/L) + Xylose Yield (g/L)
+ Mannose Yield (g/L) + Galactose Yield (g/L) + Arabinose Yield (g/L)

4.2.5. Analytical methods
NREL Chemical Analysis and Testing Standard Procedures were followed for
carbohydrate, acid-insoluble lignin, digestibility and extractive contents (2005a, 2005b,
NREL 2008a). All analyses were conducted in duplicate. Chemical composition of pine
wood chips was analyzed using HPLC (Shimadzu SIL-10AF and 355 RI detectors, Palo
Alto, CA) equipped with a Bio-Rad Aminex 87H and Aminex 87 P columns. Sugar
concentrations of enzyme hydrolyzate of pine wood chips were analyzed using Bio-Rad
Aminex 87H. Moisture content of the pinewood chips was determined by oven-drying
method at 105 °C to constant weight. Cellulase enzyme activity (reported in FPU/mL)
was determined (NREL 2008b) using BioTeK® plate reader (BioTeK®, Model# Synergy
HT) at 540 nm.

4.2.6. Experimental designs
Paired t-tests were applied to test the statistical significance of enzyme hydrolysis of
EHOs-treated solids with AHP-treated solids (p ≤ 0.05). The effect of variables on EHOs
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pretreatment formulation was determined using the regression coefficients of the second
order multiple regression models. The interaction of variables (temperature (°C), 190
proof ethanol (vol%), KOH (wt%) and H2O2 (wt%)) with added water (vol%) in EHOs
formulation was examined using five variables (Variables: ethanol content (0-60 vol%),
KOH content (0-5 wt%), H2O2 content (0-5 wt%), water content (35-95 vol%) and
temperature (Temp; 38-78 oC)) and second degree factorial analysis of response surface
(Table 4.2). The analyses of these variables are limited to determine the interaction of
added water. The response surface based on five variables required 10 axial points to
determine optimal orthogonal points for the sphere formation. However, the present study
evaluated the effect of EHOs formulation based on sample to solvent ratio of 1:10
(wt/vol) (Table 4.2). The statistical significance of the model coefficients was determined
by the analysis of the variance (ANOVA) combined with the application of Fisher’s F
test. Statistical analysis was carried out using JMP® Pro program (Windows; version
10.0.0).
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4.3. Results and Discussion
4.3.1. Pretreatment effect and enzyme hydrolysis
The effects of AHP and EHOs-treated pine wood chips were analyzed for
composition and enzymatic saccharification (using Accellerase® 1500). The effects of
AHP-pretreatment and EHOs-pretreatment on the composition of ground pine wood
chips are shown in Table 4.3. AHP-pretreatment and EHOs-pretreatment resulted in the
loss of 22.99 ± 2.71 wt% and 26.61 ± 2.86 wt%, respectively, of pine wood chips (Table
4.3). The loss of biomass during AHP-pretreatment was not significantly different from
EHOs-pretreatment (Table 4.3). Both, AHP-pretreatment and EHOs-pretreatment
significantly decreased the polysaccharide and lignin contents of pine wood chips
compared to untreated (Table 4.3). No significant difference was observed between the
chemical composition of AHP-treated and EHOs-treated solids (Table 4.3). Both AHPpretreatment and EHOs-pretreatment at 78 °C resulted in 43-50 wt% delignification for
pine wood chips (Table 4.3).
Enzymatic saccharification at 72 hours resulted in 74.84 ± 1.60 / 64.38 ± 0.93
wt% and 91.04 ± 1.26 / 80.04 ± 0.68 wt% of total glucan/polysaccharides conversions,
respectively, for AHP-treated solids and EHOs-treated solids (Figure 4.1). Total glucan
and polysaccharide conversions at 72 hours were significantly different for AHP-treated
solids and EHOs-treated solids (Figure 4.1). In addition, a significant difference was
observed in total biomass conversion of 49.34 ± 0.69 wt% and 62.99 ± 0.53 wt%, for
AHP-treated and EHOs-treated solids, respectively. Based on the t-pair analysis, ethanolwater mixture (EHOs pretreatment) had a significant effect towards increasing glucan
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conversion of pine wood chips compared to water alone (AHP pretreatment) in the
pretreatment formulation.

4.3.2. Effect of variables’ interactions on EHOs pretreatment formulation
The effect of different variables (temperature, ethanol, KOH, H2O2 and water)
were plotted for glucan conversion and total polysaccharide conversion of pine wood
chips (Table 4.4, Figure 4.2a and Figure 4.2b). Simple statistics of responses generated
using enzymatic saccharification are shown in Table 4.5. R-square values of 0.9958 and
0.9952 were observed for the total glucan conversion and total polysaccharide conversion
of pine wood chips, respectively. The similar R-square values were obtained with four
variables based (Table 4.1 and Table 4.5; Variables: temperature, ethanol, KOH and
H2O2) and five variables (Table 4.2 and Table 4.5; Variables: temperature, ethanol, KOH,
H2O2 and water content) based analyses.
Effects of an individual and cross products of variable (temperature, ethanol,
H2O2 and KOH) had a significant effect on enzymatic saccharification of ground pine
wood chips. The overall effect of variables on enzymatic saccharification of pine wood
chips can be analyzed using significant parameter estimates for both four variables and
five variables analyses (Table 4.6). R-square value of 0.96 was predicted between actual
values and model based values for both glucan conversion and total polysaccharides
conversion (Figure 4.3).The effect of obtained estimate parameters (for both glucan
conversion and total polysaccharide conversion) can be further analyzed using sorted
estimate parameters (Figure 4.4, Figure 4.5a and Figure 4.5b). To understand the overall
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effect of each variable on EHOs pretreatment formulation, water content in the solvent
mixture was analyzed as a fifth variable (Figure 4.5a and Figure 4.5b). RSM predicts
response surface based on the coordinate integration in the form of a sphere (Table 4.1).
The overall response for EHOs pretreatment formulation was predicted by four variables
(ethanol, KOH, H2O2 and temperature) and can be extrapolated with incorporating water
content as fifth variable (Table 4.5). The four variables represent the sphere coordinates
and their interaction with water content can be explained using second degree factorial
analysis (Table 4.5).
Based on five variables (ethanol, KOH, H2O2, water and temperature (Temp))
and second degree factorial analysis, a linear relationship was observed among different
variables.
 EtOH (15, 45 vol%) = – 0.083 x KOH (1.25, 3.75 wt%) – 0.083 x H2O2 (1.25, 3.75 wt%)
– Water (50,80 vol%)
 Temp x EtOH = – 0.083 x Temp x KOH – 0.083 x Temp x H2O2 – Temp x water
 EtOH*KOH = {– EtOH*H2O2 – 12*EtOH*Water – 12*EtOH*EtOH}
= {– 0.083*KOH*H2O2 – KOH*Water – 0.083*KOH*KOH}
 EtOH*H2O2 = – 0.083*KOH*H2O2 – H2O2*Water – 0.083*H2O2*H2O2
 EtOH*Water = – 0.083*KOH*Water – 0.083*H2O2*Water – Water*Water
These equations summarized the interdependency of different variables in pretreatment
formulation. These equations also suggest that temperature effect dependent on variation
of ethanol, KOH, H2O2 and water in the pretreatment formulation. Based on the sorted
parameter estimates, KOH had the most significant effect towards increasing both glucan
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and total polysaccharide conversions of pine wood chips (Figure 4.4). The similar effects
of H2O2 and temperature were found significant towards increasing both glucan and total
polysaccharide conversions. However, ethanol concentration was found a least significant
towards pretreatment formulation. Furthermore, the effect of temperature, ethanol KOH
and H2O2 in EHOs pretreatment formulation was analyzed with respect to water (Figure
4.6a and Figure 4.6b). Temperature effect was found least significant with respect to
added water (Figure 4.5a and Figure 4.5b). However, both glucan and total
polysaccharide conversions increase with increasing ethanol and water. This
phenomenon can be explained based on physical and chemical properties of ethanol.
According to Mantanis (1994), organic solvents with smaller molecular size such as
ethanol would swell the wood rapidly at elevated temperatures and swelling reached an
equilibrium state in the short period. The energy content of ethanol is -277.7 KJ/mol. The
use of ethanol concentration up to 30-40 vol% had a significant effect on cellulose
nanostructure that influences the digestibility during the enzyme hydrolysis (Helmy et al.
1996; Watson et al. 2012). In addition, the activation energy of wood swelling is directly
proportional to the solvent molar volume and the solvent molecular weight (Mantanis
1994). The activation energy of wood swelling ranges from 75 to 89 KJ/mol (Mantanis
1994). The addition of –CH3 group causes a subsequent increase in the activation energy
of wood using ethanol (68.3 KJ/mol) compared to water (10.7 KJ/mol) between the
temperatures of 23–60 °C (Mantanis 1994). The maximum swelling of wood in the
organic solvent is accompanied by the solvent basicity, the molar volume and the
hydrogen bonding capability (Mantanis 1994). In the present study, the use of ethanol
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concentration up to 30 vol% was found effective in decreasing foam formation during the
pretreatment process. The addition of ethanol concentration up to 30-40 vol% can
decreases the surface tension (σ) of water. Surface tension of ethanol varies between
22.39-18.23 mN/m at temperature ranges of 20-70°C, respectively (Ghahremani et al.
2011). Surface tension of water ranges in between 72.75-62.67 mN/m at temperature
ranges of 20-80 °C, respectively (Ghahremani et al. 2011). The ethanol concentration of
30 vol% varies the surface tension 27-25 mN/m at temperature range of 20-50 °C
(Váquez et al. 1995). The variation of surface tension of 30 vol% ethanol with
temperature is significantly small compared to water. The less variation in surface tension
with temperature may affect KOH and H2O2 reactivity towards ethanol compared to
water alone (Figure 4.6a and Figure 4.6b). Decreased in the surface tension can be
correlated to decrease in hydrogen bonding within the solvent mixture at high
temperature (as in EHOs pretreatment). This solvent mixture, may increases better masstransfer interaction properties with ground pine wood chips during pretreatment through
formation of ethoxide ion compared to hydroxide ion alone (Helmy et al. 1996). Ethanol
can act as either proton acceptor (in acidic condition) or proton donor (in alkaline
condition). The stability of ethanol molecule decreases with decreasing pH and can
oxidize into acetic acid (Morris 1931; Saizi et al. 1999; Goor et al. 2000; Fileti et al.
2004).
Süss et al. (1996) mentioned that the difference in the energy content of H2O2 (ΔH
= -188 KJ/mol) compared to water (ΔH = -286 KJ/mol) makes H2O2 more unstable. The
decomposition of H2O2 is pH, temperature and time dependent (Figure 4.5a and Figure

131

4.5b). In the alkaline conditions, H2O2 produces reactive hydroxyl radicals (OH*∙),
superoxide anion (O2*-) and hydroperoxide anion (HO2-) (Süss et al. 1996, Petri et al.
2011). The produced reactive species of H2O2 may enhance the breakage of diaryl ethers
and carbon-carbon bonds along with aryl-ether linkages in the presence of ethanol at
higher temperature (≥ 64 °C). However, alkaline hydrogen peroxide has a limited lignin
solubility due to structural and composition of feedstock (Guald 1983). Guald (1983)
mentioned that the use of AHP solution at 25 °C for 18-24 h, the saccharification
efficiency of oak would reach up to 52.5%. With the current study, 43.8 ± 1.3/ 34.6 ± 0.6
wt% to 74.8 ± 0.7 / 64.4 ± 0.8 wt% of glucan conversion/total polysaccharide conversion
of ground pine wood chips were observed at temperature ranges of 58-78 °C after 72
hours of enzyme hydrolysis (Table 4.4 and Figure 4.1). An efficacy of AHP pretreatment
significantly affected by the nature of wood i.e. softwood and hardwood. At 80 °C with
AHP-pretreatment (5 wt% NaOH + 5 wt% H2O2), the saccharification efficiency of
hybrid poplar would reach up to 80 % in the pressurized vessel (Gupta 2008). In addition,
H2O2 have the half shelf life of 1 hour to 5 hours between the temperature ranges of 80 to
60 °C, respectively.
Response surface obtained through four variables (temperature, ethanol, KOH and
H2O2) interactions are shown in Figure 4.7a and Figure 4.7b. At 38°C, 58°C and 78°C
of pretreatment formulation (consists of 30 vol% ethanol + 2.5 wt% KOH + 2.5 wt%
H2O2), the enzymatic saccharification resulted in 43.3 ± 1.3/ 34.1 ± 1.0, 67.0 ± 1.3/ 51.5
± 1.2 and 47.4 ± 0.6/ 38.6 ± 0.8 wt% of glucan conversion/total polysaccharide
conversion, respectively (Table 4.3, Figure 2a and Figure 2b). The optimal glucan
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conversion was predicted at 87.9 wt% (conditions: 32.1 vol% ethanol + 3.4 wt% H2O2 +
4.7 wt% KOH, temperature = 64.2°C, pretreatment time = 24 h). The optimal total
polysaccharide conversion was observed at 79.7 wt% (conditions: 35.9 vol% ethanol +
5.8 wt% H2O2 + 4.3 wt% KOH, temperature = 75.7°C, pretreatment time = 24 h). The
glucan conversion and total polysaccharide conversion were reported in approximately
95% and 87% confidence intervals, respectively (Figure 4.8). The lower confidence
interval for the total polysaccharide conversion could be due to enzymatic
saccharification analysis of sugars. Different sugars such as xylose, mannose and
galactose were detected at the single peak using Biorad Aminex 87-H column. The
analysis of enzyme saccharification is directly linked with chemical composition of pine
wood that can affect the further analysis. In 95 % confidence interval, the total
polysaccharide conversion was predicted at 69.1 wt% (Table 4.3; Conditions: 33.0 vol%
ethanol + 3.8 wt% H2O2 + 3.5 wt% KOH, temperature = 67.4°C, pretreatment time = 24
h). The total polysaccharide represents the overall enzymatic saccharification using
Accellerase® 1500. In addition, the glucan conversion and total polysaccharide
conversion obtained at 60 vol% ethanol + 5 wt% KOH + 5 wt% H2O2 at 78 °C was found
comparable with optimized enzymatic hydrolysis of pine wood chips (Figure 4.1). The
difference between obtained results can be explained on the bases of enzyme loadings
(FPU/g of biomass) used for the initial study (EHOs pretreatment and AHP pretreatment
at 80.2 FPU/g of biomass) and the response surface study (at 40.1 FPU/g of biomass).
These results indicated that EHOs pretreatment is effective in the maximizing of
enzymatic saccharification efficiency at lower enzyme loading. In addition, the further
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optimization of enzyme mixture (using xylanase with cellulase) may change the obtained
conditions for EHOs-pretreatment formulation obtained with Accellerase® 1500 alone.
The advantages of EHOs-pretreatment are in increasing the saccharification
efficiency of softwood between the temperature ranges of 64-78°C (Figure 4.6b). In
general, it can be considered the lower temperature is less energy intensive and would be
useful toward biorefinery operations. The lignin produced during this process may have
application in the formation of carbon fibers that is subjected to further research
(Seydibeyoğlu 2012). Replacement of Kraft technology with EHOs pretreatment would
potentially have better environmental outcomes and could be integrated with biofuel
industry (Sannigrahi and Ragauskas 2013). The integrated paper/pulp and biofuel
refineries could save up to 20% in the energy lost (Philips et al. 2013). In addition, lignin
produced through this technology could significantly enhance product quality towards
biorefinery compared to lignin extracted using the Kraft process (Luo 2010).

4.4. Conclusion
EHOs-pretreatment is effective in increasing enzymatic glucan conversion and
total polysaccharides conversion of ground pine wood chips compared to AHP
pretreatment in the temperature ranges of 64-78 °C. The enzymatic total polysaccharide
conversion of pine wood chips) represents the true value for obtaining optimal conditions
for EHOs-pretreatment formulation. The ethanol concentration in the pretreatment
formulation can help with both increasing enzymatic saccharification and recovery of
potassium ion as precipitated KCl salt (using 8.9M HCl). KCl salt is water soluble (Lilic
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et al. 2008). In addition, EHOs-pretreatment provides more safety compared to AHPpretreatment by reducing foaming during high temperature processes. Control foaming is
essential in increasing the efficiency of the pretreatment process and scale-up study.
Moreover, a control foaming can benefit in increasing a working volume of the reactor
vessel and hence productivity at the large scale production.
In the present study, EHOs-pretreatment was performed for 24 hours. The
maximum total polysaccharide conversion of pine wood chips (conditions: 33vol%
ethanol + 3.5 wt% + H2O2 + 3.8 wt% KOH, temperature = 68 °C, pretreatment time = 24
h) could be utilized to reduce the processing time between several minutes to hours
based on particle size, solid to solvent loading and pretreatment processing time. The
exothermic reaction of H2O2 and KOH build up the pressure up to 160 to 220 psi at 60 to
80 °C in the enclosed Parr reactor vessel (conditions: reactor volume = 3.6 L; solid
loading = 216 g; solvent loading = 2.16 L consists of 60 vol% ethanol + 5 wt% KOH + 5
wt% H2O2). This pressure is equivalent to the processing pressure of the Kraft process at
160 to 240 °C. In the paper industry, the vessel is pressurized using oxygen or air to
improve the delignification process.
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Figure 4.1. Enzyme hydrolysis of 1) AHP treated solids and 2) EHOs-treated solids
using Accellerase® 1500. A) Glucose yield and B) Total sugars yield with total cellulose
and total polysaccharide conversion, respectively, on secondary y-axis. Note: Values are
average of three replicates.Error bars represent standard errors. Error bars smaller than
symbol.
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Figure 4.2a. Effect of temperature (38-78 °C), ethanol content (0-60 vol%), KOH (0-5
wt%), H2O2 (0-5 wt%) and water content (35-95 vol%) on glucan conversion of pine
wood chips using Accellerase® 1500. Note: Curves were plotted with second degree
polynomials. Values are expressed as individual 28 observations (Table 4.2 and Table
4.4) with two replicates.
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Figure 4.2b. Effect of temperature (38-78 °C), ethanol content (0-60 vol%), KOH (0-5
wt%), H2O2 (0-5 wt%) and water content (35-95 vol%) on total polysaccharide
conversion of pine wood chips using Accellerase® 1500. Note: Curves were plotted with
second degree polynomials. Values are expressed as individual 28 observations (Table
4.2 and Table 4.4) with two replicates.
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5

A

B

Figure 4.3. Analysis of actual vs predicted values for A) glucan conversion and B) total
polysaccharide conversion of pine wood chips using Accellerase® 1500. Note: Similar pvalues, R square values and root mean squared values were observed for four variables
based and five variables based analysis.
.
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1A. Glucan conversion
Term
KOH(1.25,3.75 wt%)
H2O2*H2O2
KOH*KOH
Temp*Temp
EtOH*EtOH
H2O2(1.25,3.75 wt%)
KOH*H2O2
Temp
Temp*H2O2
Temp*KOH
Temp*EtOH
EtOH*KOH
EtOH(15,45 vol%)
EtOH*H2O2

Estimate Std Error t Ratio
21.61
0.76
28.40
-8.09
0.76
-10.63
-7.48
0.76
-9.83
-5.55
0.76
-7.30
-5.47
0.76
-7.20
4.16
0.76
5.47
3.96
0.93
4.26
2.00
0.76
2.63
2.12
0.93
2.28
1.84
0.93
1.98
0.74
0.93
0.80
0.52
0.93
0.56
0.37
0.76
0.49
-0.27
0.93
-0.29

Profile

Prob> |t|
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
0.0001*
0.0120*
0.0279*
0.0546
0.4301
0.5773
0.6278
0.7763

1B. Total polysaccharide conversion
Term
KOH(1.25,3.75 wt%)
H2O2*H2O2
KOH*KOH
EtOH*EtOH
Temp*Temp
H2O2(1.25,3.75 wt%)
Temp(48,68 °C)
KOH*H2O2
Temp*KOH
Temp*H2O2
EtOH*KOH
Temp*EtOH
EtOH(15,45 vol%)
EtOH*H2O2

Estimate Std Error t Ratio
17.29
0.60
28.79
-5.53
0.60
-9.21
-5.20
0.60
-8.65
-4.14
0.60
-6.90
-4.04
0.60
-6.73
3.40
0.60
5.66
2.85
0.60
4.75
3.34
0.74
4.54
3.11
0.74
4.23
2.00
0.74
2.71
0.66
0.74
0.90
0.64
0.74
0.87
0.42
0.60
0.70
-0.06
0.74
-0.08

Profile

Prob> |t|
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
0.0001*
0.0097*
0.3719
0.3891
0.4885
0.9384

Figure 4.4. Sorted estimate parameters based on four variables (ethanol (EtOH), KOH,
H2O2 and temperature (Temp)) and second degree factorial analysis to analyze the effect
of EHOs pretreatment formulation on A) glucan conversion and B) total polysaccharide
conversion of pine wood chips using Accellerase® 1500. Note: A bar chart shows t-ratio
with lines showing the 0.05 significance level.

146

2A. Response: Glucan conversion
Term
KOH(1.25,3.75 wt%)
KOH*H2O2
H2O2*Water
EtOH*H2O2
EtOH*KOH
KOH*Water
Temp*Temp
EtOH*Water
H2O2(1.25,3.75 wt%)
Temp(48,68 °C)
Temp*H2O2
Temp*KOH
Temp*EtOH
EtOH(15,45 vol%)
Water(50,80 vol%)
Temp*Water
EtOH*EtOH
KOH*KOH
H2O2*H2O2
Water*Water

Estimate Std Error t Ratio
21.61
0.76
28.40
19.53
1.52
12.84
97.02
9.13
10.63
97.21
9.19
10.57
90.76
9.19
9.87
89.78
9.13
9.83
-5.55
0.76
-7.30
5.47
0.76
7.20
4.16
0.76
5.47
2.00
0.76
2.63
2.12
0.93
2.28
1.84
0.93
1.98
0.74
0.93
0.80
0.37
0.76
0.49
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-

Profile

Prob> |t|
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
0.0121*
0.0278*
0.0547
0.4301
0.6278
-

Figure 4.5a. Sorted estimate parameters based on five variables (ethanol (EtOH), KOH,
H2O2, water and temperature (Temp)) and second degree factorial analysis to analyze the
effect of EHOs pretreatment formulation on 2A) glucan conversion of pine wood chips
using Accellerase® 1500. Note: A bar chart shows t-ratio with lines showing the 0.05
significance level.

147

2B. Response: Total polysaccharide conversion
Term
KOH(1.25,3.75 wt%)
KOH*H2O2
H2O2*Water
EtOH*H2O2
EtOH*KOH
KOH*Water
EtOH*Water
Temp*Temp
H2O2(1.25,3.75 wt%)
Temp(48,68 °C)
Temp*KOH
Temp* H2O2
Temp*EtOH
EtOH(15,45 vol%)
Water(50,80 vol%)
Temp*Water
EtOH*EtOH
KOH*KOH
H2O2*H2O2
Water*Water

Estimate Std Error t Ratio
17.29
0.60
28.79
14.06
1.20
11.71
66.37
7.21
9.21
66.66
7.26
9.19
63.37
7.26
8.73
62.36
7.21
8.65
4.14
0.60
6.90
-4.04
0.60
-6.73
3.40
0.60
5.66
2.85
0.60
4.75
3.11
0.74
4.23
2.00
0.74
2.71
0.64
0.74
0.87
0.42
0.60
0.70
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-

Profile

Prob> |t|
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
<.0001*
0.0001*
0.0097*
0.3891
0.4885
-

Figure 4.5b. Sorted estimate parameters based on five variables (ethanol (EtOH), KOH,
H2O2, water and temperature (Temp)) and second degree factorial analysis to analyze the
effect of EHOs pretreatment formulation on 2B) total polysaccharide conversion of pine
wood chips using Accellerase® 1500. Note: A bar chart shows t-ratio with lines showing
the 0.05 significance level.
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1A

1B

1C

1D

Figure 4.6a. Interaction profiles of temperature (Temp, 48-68 °C), ethanol concentration
(15-45 vol%), KOH (1.25-3.75 wt%) and H2O2 (1.25-3.75 wt%) with respect to added
water content (50-80 vol%) for glucan conversion of pine wood chips. Note: Five
variables were used for the analysis.
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2A

2B

2C

2D

Figure 4.6b. Interaction profiles of temperature (Temp, 48-68 °C), ethanol concentration
(15-45 vol%), KOH (1.25-3.75 wt%) and H2O2 (1.25-3.75 wt%) with respect to added
water content (50-80 vol%) for total polysaccharide conversion of pine wood chips. Note:
Five variables were used for the analysis.
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1A

1B

1C

Figure 4.7a. Interaction profiles of temperature (Temp, 48-68 °C), ethanol concentration
(15-45 vol%) and H2O2 (1.25-3.75 wt%) with respect to KOH (1.25-3.75 wt%) for glucan
conversion of pine wood chips .Note: Four variables were used for the analysis.
.
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2A

2B

2C

Figure 4.7b. Interaction profiles of temperature (Temp, 48-68 °C), ethanol concentration
(15-45 vol%) and H2O2 (1.25-3.75 wt%) with respect to KOH (1.25-3.75 wt%) for total
polysaccharide conversion of pine wood chips. Note: Four variables were used for the
analysis.
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A

B

Figure 4.8. Response surfaces of critical values for optimized temperature (38-78 °C),
ethanol concentration (0-60 vol%), KOH (0-6 wt%) and H2O2 (0-5 wt%) for maximizing
A) glucose conversion, and B) total polysaccharide conversion with experimentally
obtained confidence intervals.
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Table 4.1. Central Composite design: Variables with their actual values.
Variables
Pretreatment
(P) #

Temp
[oC]

EtOH
[vol%]

KOH
[ wt%]

H2O2
[wt%]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

38
48
48
48
48
48
48
48
48
58
58
58
58
58
58
58
58
58
58
68
68
68
68
68
68
68
68
78

30
45
45
45
45
15
15
15
15
30
30
30
30
0
60
30
30
30
30
45
45
45
45
15
15
15
15
30

2.5
3.75
3.75
1.25
1.25
3.75
3.75
1.25
1.25
2.5
2.5
2.5
2.5
2.5
2.5
0
5
2.5
2.5
3.75
3.75
1.25
1.25
3.75
3.75
1.25
1.25
2.5

2.5
3.75
1.25
3.75
1.25
3.75
1.25
3.75
1.25
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
0
5
3.75
1.25
3.75
1.25
3.75
1.25
3.75
1.25
2.5

Note: Pretreatment # represents the sequential orders used for response surface analysis.
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Table 4.2. Pretreatment formulations at specific temperatures
Variables
Pretreatment
(P) #

Temp
[oC]

EtOH
[vol%]

KOH
[ wt%]

H2O2
[wt%]

Water
[vol%]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

38
48
48
48
48
48
48
48
48
58
58
58
58
58
58
58
58
58
58
68
68
68
68
68
68
68
68
78

30
45
45
45
45
15
15
15
15
30
30
30
30
0
60
30
30
30
30
45
45
45
45
15
15
15
15
30

2.5
3.75
3.75
1.25
1.25
3.75
3.75
1.25
1.25
2.5
2.5
2.5
2.5
2.5
2.5
0
5
2.5
2.5
3.75
3.75
1.25
1.25
3.75
3.75
1.25
1.25
2.5

2.5
3.75
1.25
3.75
1.25
3.75
1.25
3.75
1.25
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
0
5
3.75
1.25
3.75
1.25
3.75
1.25
3.75
1.25
2.5

65a(65)b
47.5(50)
50(80)
50(50)
52.5(80)
77.5(50)
80(80)
80(80)
82.5(50)
65(65)
65(65)
65(65)
65(65)
95(65)
35(65)
67.5(65)
62.5(65)
67.5(65)
62.5(65)
47.5(50)
50(80)
50(50)
52.5(50)
77.5(80)
80(50)
80(50)
82.5(80)
65(65)

Note:
Pretreatment # represents the sequential orders used for response surface analysis.
a
Values used in the current study
b
Brackated values represent the optimal coordinates for five variables plot (not the
part of the present study).
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Table 4.3. Effects of pretreatments on ground pine wood chips
A. Sample weight before and after the pretreatments
Pretreatment
Before pretreatment (g)
After pretreatment (g)

Water
8.07 ± 0.02
7.93 ± 0.01

AHPa
8.06 ± 0.02
5.92 ± 0.13

EHOsb
8.07 ± 0.03
6.21 ± 0.20

B. Compositional analysis of ground pine wood chips under different pretreatment
conditions
Pretreatment
Component
Cellulose
Glucan
Hemicellulose
Xylan
Arabinan
Galactan
Mannan
Lignin
AILc
ASLd
Ash
Extractive
Solid residuese(%)

Untreated
[wt%]
46.38 ± 0.73
22.46 ± 0.52
7.51 ± 0.44
0.77 ± 0.05
1.76 ± 0.44
12.40 ± 0.30
29.90 ± 1.12
29.37 ± 1.14
0.53 ± 0.01
0.47 ± 0.04
0.81 ± 0.09
100.00 ±1.27

AHP
[wt%]
45.51 ± 0.02
14.09 ± 0.68
3.63 ± 0.36
0.36 ± 0.02
0.32 ± 0.01
9.78 ± 0.36
16.98 ± 1.58
16.57 ± 1.59
0.41 ± 0.01
0.44 ± 0.06

EHOs
[wt%]
44.98 ± 0.37
12.79 ± 0.45
3.27 ± 0.38
0.28 ± 0.03
0.30 ± 0.05
8.94 ± 0.06
15.17 ± 0.23
14.72 ± 0.26
0.45 ± 0.03
0.43 ± 0.03

77.03 ± 2.24
73.39 ±1.86
Note.
a
AHP = Alkaline hydrogen peroxide
b
EHOs = Ethyl-hydro-oxides
Pretreatment conditions: solvent: sample ratio 1:10 (wt/vol) at 78 °C for 24 h
Carbohydrate and lignin contents in the table are expressed based on the wt% of
pretreated biomass
Lignin: cAIL= Acid insoluble lignin; dASL= Acid-soluble lignin;
Values are expressed as mean and standard error with two observations made at each
combination.
e
For instance, when the data says that the solid contains 45.51 wt% glucan based on the
oven dry AHP treated pine wood chips that implies the solid residues (remaining solid
after pretreatment, 77.03 wt% for AHP treated biomass) contains 59.08 wt% glucan.
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Table 4.4. Central Composite Design: Chemical and enzymatic saccharification of pine
wood chips after pretreatments

P#

Insoluble
Sample
wt.[g] (after
pretreatment)

Composition1
[wt%]
Extractable
Cellulose

Extractable
Total Polysaccharide

Biomass lost
during
pretreatment
[wt%]

1
6.9 ± 0.1 41.4 ± 0.2 59.8 ± 0.2 13.8 ± 0.5
2
6.6 ± 0.0 40.6 ± 0.6 60.8 ± 0.7 17.5 ± 0.3
3
6.6 ± 0.0 39.8 ± 0.6 59.8 ± 1.1 17.3 ± 0.2
4
6.9 ± 0.0 39.7 ± 0.3 61.1 ± 0.6 13.8 ± 0.2
5
6.9 ± 0.0 40.0 ± 0.3 61.0 ± 0.8 13.3 ± 0.1
6
6.5 ± 0.0 38.9 ± 0.3 58.8 ± 0.8 18.8 ± 0.1
7
6.5 ± 0.0 39.1 ± 0.7 58.8 ± 1.4 19.1 ± 0.1
8
6.9 ± 0.0 39.5 ± 0.6 60.8 ± 1.3 13.4 ± 0.1
9
7.0 ± 0.1 39.1 ± 0.5 61.1 ± 0.1 12.7 ± 0.5
10 6.4 ± 0.0 46.5 ± 0.1 65.4 ± 0.6 19.6 ± 0.2
11 6.5 ± 0.0 46.2 ± 0.1 64.9 ± 0.4 19.2 ± 0.2
12 6.4 ± 0.1 45.5 ± 0.9 62.9 ± 2.0 19.7 ± 0.3
13 6.4 ± 0.0 46.4 ± 0.3 64.8 ± 0.3 19.8 ± 0.3
14 6.5 ± 0.1 44.7 ± 0.5 62.8 ± 0.5 19.0 ± 0.8
15 6.4 ± 0.0 46.0 ± 0.2 64.9 ± 0.8 19.4 ± 0.3
16 7.3 ± 0.0 45.8 ± 0.5 63.7 ± 0.9 8.8 ± 0.3
17 6.2 ± 0.1 45.0 ± 0.6 58.8 ± 0.9 22.5 ± 0.3
18 6.7 ± 0.0 46.0 ± 0.5 61.4 ± 0.1 16.0 ± 0.1
19 6.5 ± 0.0 44.4 ± 1.0 59.3 ± 0.7 18.5 ± 0.2
20 6.0 ± 0.1 44.3 ± 0.6 56.8 ± 0.5 24.9 ± 1.2
21 5.9 ± 0.0 45.8 ± 0.2 60.7 ± 0.8 26.4 ± 0.2
22 6.9 ± 0.1 45.7 ± 0.6 65.9 ± 1.1 14.3 ± 0.3
23 6.8 ± 0.1 45.0 ± 0.5 62.7 ± 0.7 14.9 ± 0.4
24 6.0 ± 0.1 44.9 ± 0.7 58.8 ± 1.3 25.1 ± 0.7
25 5.9 ± 0.1 45.7 ± 0.3 59.6 ± 1.2 26.7 ± 0.6
26 6.9 ± 0.0 44.3 ± 0.2 63.6 ± 1.6 13.9 ± 0.1
27 6.9 ± 0.0 44.0 ± 0.5 65.4 ± 0.4 14.0 ± 0.2
28 6.1 ± 0.0 42.5 ± 0.6 59.4 ± 0.9 24.2 ± 0.3
Note: Values are expressed as mean and standard error
1
Three observations were made at each combination.
2

Two observations were made at each combination.
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Enzyme hydrolysis2
[wt%]
Cellulose
conversion

Total
Polysaccharide
conversion

43.3 ± 1.3
63.6 ± 1.0
56.4 ± 0.8
14.7 ± 0.4
14.2 ± 0.0
65.1 ± 0.2
56.7 ± 0.6
16.1 ± 0.4
15.4 ± 0.6
64.7 ± 1.7
63.0 ± 0.8
68.9 ± 1.8
71.5 ± 0.5
43.8 ± 1.3
46.8 ± 0.4
5.7 ± 0.6
68.9 ± 1.3
26.8 ± 0.2
42.9 ± 0.3
82.8 ± 0.6
59.5 ± 0.6
16.9 ± 0.6
16.2 ± 0.1
80.8 ± 1.1
54.0 ± 1.1
16.6 ± 0.6
16.5 ± 0.0
46.7 ± 0.6

34.1 ± 1.0
47.2 ± 0.7
41.7 ± 0.5
11.8 ± 0.0
11.5 ± 0.1
47.7 ± 0.1
41.6 ± 0.3
13.0 ± 0.1
12.5 ± 0.3
49.1 ± 1.3
48.1 ± 0.6
53.3 ± 1.3
55.5 ± 0.6
34.6 ± 0.6
37.2 ± 0.1
5.2 ± 0.4
58.3 ± 1.1
24.1 ± 0.4
36.7 ± 0.3
71.1 ± 0.3
49.4 ± 0.8
13.4± 0.3
13.1 ± 0.1
67.0 ± 0.4
45.4 ± 0.8
13.8 ± 0.2
13.3 ± 0.1
38.6 ± 0.8

Table 4.5. Analysis of Variance (ANOVA) for the Quadratic model resulted from four
variables analysis (temperature, ethanol, KOH and H2O2) and five variables analysis
(temperature, ethanol, KOH, H2O2 and water) on enzymatic saccharification of pine
wood chips after pretreatments
1. Four variables based RSM
1A. Response: Glucan conversion
Residual
Model
Lack of Fit
Pure Error
Total Error

DF
14
10
31
41

Sum of Squares
29422.38
1011.18
127.95
1139.14

Mean Square
2101.60
101.12
4.13

F Ratio
75.64
24.50

Pr > F
<.0001*
<.0001*

R2=0.9958

1B. Response: Total polysaccharide conversion
Residual
Model
Lack of Fit
Pure Error
Total Error

DF
14
10
31
41

Sum of Squares
18684.45
616.67
93.13
709.80

Mean Square
1334.60
61.67
3.00

F Ratio
77.09
20.53

Pr > F
<.0001*
<.0001*

R2=0.9952

2. Five variables based RSM
2A. Response: Glucan conversion
Residual
Model
Lack of Fit
Pure Error
Total Error

DF
14
10
31
41

Sum of Squares
29422.38
1011.18
127.95
1139.14

Mean Square
2101.60
101.12
4.13

F Ratio
75.64
24.50

Pr > F
<.0001*
<.0001*

R2=0.9958

2B. Response: Total polysaccharide conversion
Residual
Model
Lack of Fit
Pure Error
Total Error

DF
14
10
31
41

Sum of Squares
18684.45
616.67
93.13
709.80

Mean Square
1334.60
61.67
3.00

F Ratio
77.09
20.53
R2=0.9952
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Pr > F
<.0001*
<.0001*

Table 4.6. Significant parameter estimates resulted from four variables analysis
(temperature, ethanol, KOH and H2O2) and five variables analysis (temperature, ethanol,
KOH, H2O2 and water) on enzymatic saccharification of pine wood chips after
pretreatments
1. Four variables based analysis
1A. Glucan conversion [wt%]
= 67.02 + 2.00 x (Temp) + 21.61 x (KOH) + 4.16 x (H2O2)
+ 2.12 x (Temp) x (H2O2) + 3.97 x (KOH) x (H2O2)
– 5.55 x (Temp) x (Temp) – 5.47 x (Ethanol) x (Ethanol)
– 7.48 x (KOH) x (KOH) – 8.09 x (H2O2) x (H2O2)
1B. Total polysaccharide conversion [wt%]
= 51.51 + 2.85 x (Temp) + 17.29 x (KOH) + 3.40 x (H2O2)
+ 3.11 x (Temp) x (KOH) + 2.00 x (Temp) x (H2O2)
+ 3.33 x (KOH) x (H2O2) – 4.04 x (Temp) x (Temp)
– 4.14 x (Ethanol) x (Ethanol) – 5.19 x (KOH) x (KOH)
– 5.53 x (H2O2) x (H2O2)
2. Five variables based analysis
2A. Glucan conversion [wt%]
= 67.02 + 2.00 x (Temp) + 21.61 x (KOH) + 4.16 x (H2O2)
+ 90.76 x (Ethanol) x (KOH) + 2.12 x (Temp) x (H2O2)
+ 97.21 x (Ethanol) x (H2O2) + 19.53 x (KOH) x (H2O2)
+ 5.47 x (Ethanol) x (Water) + 89.78 x (KOH) x (Water)
+ 97.02 x (H2O2) x (Water) – 5.55 x (Temp) x (Temp)
2B. Total polysaccharide conversion [wt%]
= 51.51 + 2.85 x (Temp) + 17.29 x (KOH) + 3.40 x (H2O2)
+ 3.11 x (Temp) x (KOH) + 63.37 x (Ethanol) x (KOH)
+ 2.00 x (Temp) x (H2O2) + 66.66 x (Ethanol) x (H2O2)
+ 14.06 x (KOH) x (H2O2) + 4.14 x (Ethanol) x (Water)
+ 62.36 x (KOH) x (Water) + 66.37 x (H2O2) x (Water)
– 4.04 x (Temp) x (Temp)
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CHAPTER FIVE
SUMMARY AND FUTURE WORK

In the present research different lignocellulosic feedstocks were analyzed for the
production of bioproducts (sugars and enzymes). Based on the physical and chemical
properties of the individual lignocellulosic feedstock, SAA, AHP and EHOspretreatments were examined. SAA pretreatment with concentration of 4.5 wt% NH4OH
was effective in cellulase production using T. reesei Rut C-30 with switchgrass (Chapter
2). Both pretreatment and enzyme loading had a significant effect in enhancing the
saccharification efficiency of sweet sorghum bagasse (Chapter 3). EHOs pretreatment
over AHP-pretreatment was found effective in increasing soluble sugars using pine wood
chips (Chapter 4). The information obtained can be utilized when using various available
feedstocks in an integrated biorefinery.

Future work which is recommended based on the current research:
1. Characterization of EHOs pretreatment and SAA pretreatment (using 15 wt%

NH4OH) for the production of cellulolytic enzymes using T. reesei Rut C-30 with
sweet sorghum bagasse, switchgrass and pine wood chips and evaluate the
produced broth for comparative enzymatic hydrolysis using different
lignocellulosic feedstocks.
2. Comparative study of enzyme hydrolysis using Accellerase® 1500 and other
commercial enzymes (Novozyme Celtic CTec2) for increased substrate loading
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for SAA and EHOs treated lignocellulosic feedstock (switchgrass, sweet
sorghum bagasse) for the analysis of sugar content yields and remaining biomass
residues that affects downstream processing.
3.

Evaluation of generated lignin from EHOs pretreatment process for synthesis of
lignin-based carbon fibers, nano-tube and capacitors.

4.

Evaluation of EHOs-pretreatment at pilot scale (100 L – 1000 L Parr reactor) to
understand the effect of different variables such as pressure development and
solvent concentration on the pretreatment optimization with scale up study that
could help in commercialization of this technology.

The integrated biorefinery can utilize various lignocellulosic feedstock to
maintain the continuity of the process and bioproducts (such as ethanol, enzymes and
pulp) production. The lower lignin content of feedstocks such as sweet sorghum bagasse
and switchgrass could be utilized in the biorefinery using SAA pretreatment. However, a
recalcitrant feedstock such as loblolly pine would be difficult to utilize in the biorefinery
using SAA pretreatment. However, the use of EHOs-pretreatment can enhanced the total
polysaccharide conversion up to 80 wt%. The integrity of the biorefinery depends on the
efficiency of the process to utilize various lignocellulosic feedstock and productions of
valuable byproducts at the same time. The generated byproducts of higher value can help
in minimizing the production cost.
EHOs-pretreatment provides more freedom when work with different
lignocellulosic feedstock by optimizing KOH concentration, H2O2 concentration, ethanol
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concentration and temperature. EHOs pretreatment could be utilized in an integrated biorefinery for the production of paper/pulp, enzymes and biofuels (ethanol and biodiesel)
with valuable lignin (as a bioproduct). In addition, the use of ethanol in EHOs
pretreatment would assist in the recovery of K+ in the form of KCl salt, which is soluble
in water. The produced KCl can be utilized as a fertilizer and a possible supplement to
reduce NaCl intake in diet (hypertension).
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APPENDIX-A

Lignocellulosic
feedstock
→

Preprocessing
of feedstock
including
drying and
grinding

Pretreatment

→

↓
Enzyme
Hydrolysis
↓
HPLC use for
sugars
analysis

→

Drying for
Mass balance
↓
72% sulfuric
Acid
hydrolysis for
composition
analysis
↓
HPLC use for
composition
analysis

Figure A.1. A process flow diagram to determine the viability of lignocellulosic
feedstock in biofuel production.
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APPENDIX-B
1

2

3

4

5

6

Figure B.1. Pictures of EHOs pretreatment with ground pine wood chips using 1 gallon
Parr reactor. 1. Weighing of pine wood chips before the pretreatment. 2. The pine wood
chips after adding the EHOs-solvent. 3. Parr reactor use for the pretreatment. 4. Pressure
builds up during the process. 5. EHOs-treated solid in the solvent. 6. EHOs-treated solids
after washing.
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APPENDIX-C
Lignocellulosic
feedstock

Grinding
based on
feedstock

→

Pretreatment
(at 65-76 °C)

→
Lignin

←

Paper
↑

↓
→

Pulp

→

↓
Enzyme
Hydrolysis
(at 50 °C)

Water

↓

←

↓
Ethanol
fermentation
(at 28-32 °C)

→
↑

↓
Ethanol
Distillation
(at 78- 80 °C)
↓
Citrate
salt

←

→
Ethanol
←

Evaporator
(at 100°C)

↓
Lipid
fermentation
(at 28 °C)
↓

→
↑

Enzyme production
using T. reesei Rut-30
and Aspergillus niger
(at 28 °C)

↑

←Spent broth

←

Glycerin
↑

Disk
centrifuge
↓

↑
Biomass
(Algae extract
/ yeast
extract)

Lipid
Extraction

←

→

↓

Biodiesel

Figure C.1. A process flow diagram for utilizing EHOs-pretreatment in developing
integrated bio-refinery.
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APPENDIX-D
Pressure calculation for pine wood chips pretreatment
In 1 gallon (3.6 liters) Parr reactor
Sample wt. = 215.36 g
Solvent = 2159.8 ml
Sample: solvent ::1:10 (wt /vol)
Pretreatment formulation consists of

200 proof Ethanol
35 wt. % H2O2
85 wt % KOH
Water
Biomass

Density
[g/ml]
0.789
1.130
2.044
1.000
3.000

Solvent
preparation
1295.88 ml
308.54 ml
107.99 g
447.39 ml
215.36 g
Total

Pretreatment condition
Temperature = 78 °C
Pretreatment time = 24 hours
Pressure = 220 psi (after adding H2O2)
Static pressure = 180 psi (after 30 min at 78 °C)
Using ideal gas law
P1V1 =n1RT1
where
Pressure (P) = 1241056.3 pascal
Total working volume (V ) = 0.0036 m3
n (g/g-mol) = unknown
R = 8.314 J/K-mol
T = 351.15 K
Therefore on solving, n1 = 1.53 g-mol/g
For 1 liter media bottle
Sample wt. = 8 g
Solvent = 80 mL
Sample: Solvent: 1:10 (wt /vol)
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Volume [VS1]

Weight[WS1]

1295.88 ml
308.54 ml
52.83 ml
447.39 ml
71.79 ml
2176.4 ml

1022.45 g
348.65 g
107.99 g
447.39 g
215.36 g
2141.8 g

Solvent preparation consists of
Density [g/mL]
200 proof Ethanol
35 wt. % H2O2
85 wt % KOH
Water
Pine wood chips

0.789
1.130
2.044
1.000
3.000

Solvent
preparation
45.00 ml
11.43 ml
4.00 g
19.57 ml
8.00 g
Total

Volume [VS2]

Weight[WS2]

45.00 mL
11.43 mL
1.95 mL
19.57 mL
2.67 mL
80.62 mL

35.51 g
12.91 g
4.00 g
19.57 g
8.00 g
79.99 g

Based on mass conservation law
WS1 / n1 = WS2 / n2
where
n1 = 1.57 g mol/g
WS1 = 2141.8 g
n2 = unknown
WS2 = 79.99 g
Therefore, n2 = 0.059 g-mol/g
Based on ideal gas law
P1V1/ n1 =P2V2/n2
P1 = 180-220 psi (Pressure in Parr reactor)
V1 = 3600 mL (Total working volume of Parr reactor)
n1 = 1.57 g mol/g (Parr reactor)
P2 = pressure in 1 liter bottle (unknown)
V2 = 1000 mL
n2 = 0.059 g-mol/g (1 L bottle)
Therefore, on solving
P2 = 24.35 -29.76 psi at 78 °C (based on pressurized Parr reactor study)
Use of KOH (2.5 wt%) and H2O2 (2.5 vol%) at 78 °C reduces the pressure up to 15 – 12 psi in 1 L
media bottle
On reducing temperature from 78 °C to 68 °C, the pressure drop of 6% that is equivalent to 27 22.5 psi was calculated for 5% KOH + 5% H2O2 + 60% Ethanol. The use of 1.25 – 3.75 wt% KOH +
1.25 - 3.75 vol% H2O2 at 68 °C reduces the pressure to 15 – 7 psi in 1 L media bottle.
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APPENDIX-E
Data: Switchgrass
1. Mass balance before and after pretreatment (at 60oC for 15 h)
Pretreatment: 4.5 wt% NH4OH
0.5-1.0 mm
Mass before
Mass after(g)
(g)
Rep.
Rep.
Rep.
Rep.
1
2
1
2
15.46 15.52 10.50 10.70
Pretreatment: Water
0.5-1.0 mm
Mass before
Mass after(g)
(g)
Rep.
Rep.
Rep.
Rep.
1
2
1
2
15.57 15.48 13.72 13.89

2. Inoculum acitivity
0.5-1.0 mm, SAA-treated switchgrass
Enzyme Activity [FPU/mL]
Protein Assay[mg/mL]
Rep. 1
Rep. 2
Rep. 3
Rep. 1
Rep. 2
Rep. 3
0.266
0.209
0.191
0.124
0.095
0.104
3. Cellulase production using SAA-treated switchgrass in shake flask
Particle size
0.5 -1.0 mm
Sample
Time [h]
Rep. 1
Rep. 2
Rep. 3
0
0.06
0.05
0.07
8
0.19
0.15
0.16
24
0.13
0.14
0.14
48
0.36
0.28
0.32
72
0.55
0.57
0.38
96
0.80
0.57
0.64
120
0.96
1.00
0.67
144
1.05
1.06
0.81
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1.42

1.10

1.51

4. Cellulase production using untreated switchgrass in shake flask
Particle size
0.5-1.0 mm
Sample
Time [h]
Rep. 1
Rep. 2
Rep. 3
0
0.00
0.02
0.02
8
0.00
0.01
0.00
24
0.00
0.00
0.00
48
0.00
0.02
0.01
72
0.00
0.09
0.13
96
0.01
0.21
0.26
120
0.01
0.29
0.26
144
0.01
0.33
0.44
168
0.02
0.68
0.42

5. Cellulase production using Solka-Floc® in shake flask

Time [h]
0
8
24
48
72
96
120
144
168

Rep. 1
0.04
0.04
0.27
0.93
2.05
1.55
1.96
2.64
3.08

Sample
Rep. 2
0.14
0.04
0.40
0.88
1.88
2.12
2.25
2.31
2.96

Rep. 3
0.16
0.06
0.41
0.97
2.21
2.30
2.36
3.01
2.94

6. Cellulase production using SAA-treated switchgrass (0.5-1.0 mm) in 7L bioreactor

Time [h]
0
8
24

Enzyme Activity
Rep. 1
Rep. 2
0.08
0.12
0.05
0.22
0.06
0.11

Protein
Rep. 1
Rep. 2
0.07
0.05
0.24
0.12
0.12
0.16
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48
72
96
120
144
168

0.20
0.77
1.07
1.31
1.76
1.89

0.12
0.54
0.71
1.01
1.50
1.72

0.16
0.17
0.35
0.46
0.54
0.74

0.17
0.18
0.23
0.41
0.52
0.66

7. Enzyme hydrolysis of SAA-treated switchgrass using T. reesei Rut C-30 broth with
externally added β-glucosidase

Time
[h]
0
2
24
48
72

Cellobiose
Glucose
Xylose
Rep. Rep. Rep. Rep. Rep. Rep. Rep. Rep. Rep.
1
2
3
1
2
3
1
2
3
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.48 0.57 0.56 6.85 6.55 7.25 4.74 4.85 5.05
0.63 0.61 0.65 27.40 27.40 27.40 14.99 15.77 15.76
0.45 0.54 0.77 31.10 29.46 28.90 16.46 17.09 17.91
0.64 0.72 0.90 32.50 31.90 32.90 17.44 17.23 18.00

Rep.
1
0.00
0.95
2.37
2.90
3.12

Arabinose
Rep. Rep.
2
3
0.00 0.00
0.94 1.02
2.59 2.48
2.74 3.06
3.03 3.07

8. Enzyme hydrolysis of SAA-treated switchgrass using T. reesei Rut C-30 broth without
externally added β-glucosidase

Time
[h]
0
2
24
48
72

Cellobiose
Glucose
Xylose
Rep. Rep. Rep. Rep. Rep. Rep. Rep. Rep. Rep.
1
2
3
1
2
3
1
2
3
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.17 2.18 2.31 1.47 1.61 1.46 4.00 4.21 4.00
8.72 8.27 8.38 16.23 16.90 17.95 15.08 15.99 16.16
8.86 7.86 8.57 21.50 22.37 22.79 17.63 17.75 18.47
8.95 8.18 8.98 23.58 23.49 24.46 17.73 17.81 18.52

Arabinose
Rep. Rep. Rep.
1
2
3
0.00 0.00 0.00
0.76 0.78 0.84
2.38 2.46 2.78
2.86 2.90 3.18
2.97 3.00 3.26

9. Enzyme hydrolysis of SAA-treated switchgrass at different enzyme loadings using Accellerase®
1500
Loading
20 FPU/g
biomass

Time [h]
0
24
48
72

Glucose
Xylose
Arabinose
0
0
0
0
0
0
0
0
0
27.03 26.22 27.8 5.55 6.064 5.896 1.265 1.32 1.365
29.6 27.19 30.2 7.624 7.558 7.29 1.355 1.4 1.373
30.45 29.26 30.4 7.887 8.384 7.639 1.445 1.57 1.381
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40 FPU/g
biomass

Time [h]
0
24
48
72

Glucose
Xylose
Arabinose
0
0
0
0
0
0
0
0
0
29.15 31.47 31.5 8.495 7.79 7.83 2.003 1.79 1.79
34.24 34.3 33.5 10.06 9.769 9.548 2.087 1.89 1.821
37.73 35.42 35.9 11.26 10.5 11.38 2.086 1.91 1.963

80 FPU/g
biomass

Time [h]
0
24
48
72

Glucose
Xylose
Arabinose
0
0
0
0
0
0
0
0
0
37.45 37.34 36.1 10.89 11.2 10.04 2.016 1.96 1.809
38.62 38.55 38.9 12.39 12.28 12.97 2.022 1.98 2.33
40.31 40.48 40.8 13.24 13.18 13.13 2.103 2.05 2.343

160 FPU/g
biomass

Time [h]
0
24
48
72

Glucose
0
0
0
0
38.31 38.67 35.7 12.07
39.89 39.86 37.8 13.22
42.04 42.68
39 13.92
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Xylose
Arabinose
0
0
0
0
0
11.59 9.921 2.115 2.12 1.642
13.02 11.72 2.224 2.19 1.78
14.15 12.25 2.236 2.41 1.848

APPENDIX-F
Data: Sweet sorghum bagasse
1. Mass balance before and after pretreatments (at 60oC for 15 hrs)
Pretreatment

Water at 60oC for 15 hrs
Mass before (g)
Mass after(g)
Rep. 1
Rep. 2
Rep. 1
Rep. 2
20.00
20.00
15.92
16.95

Pretreatment

15 wt% NH4OH at 60oC for 15 hrs
Mass before (g)
Rep. 1
Rep. 2
19.96
20.01

Mass after(g)
Rep. 1
Rep. 2
13.31
13.11

Pretreatment

7.5 wt% NH4OH at 60oC for 15 hrs
Mass before (g)
Mass after(g)
Rep. 1
Rep. 2
Rep. 1
Rep. 2
20.08
20.12
13.88
13.85

Pretreatment

3.75 wt% NH4OH at 60oC for 15 hrs
Mass before (g)
Rep. 1
Rep. 2
19.99
20.10

Mass after(g)
Rep. 1
Rep. 2
14.85
14.75

2. Chemical composition of sweet sorghum bagasse
Pretreatment
Glucan
Xylan
Arabinan
AIL
ASL
Ash
Extractive

Untreated
Rep. 1
37.01
21.85
1.65
17.80
0.80
1.00
19.74

Rep. 2
38.11
20.71
1.64
18.35
0.80
1.20
19.33

15 wt% NH4OH

7.5 wt% NH4OH

3.75 wt% NH4OH

Rep. 1
35.98
20.85
1.53
6.77
0.71
1.20

Rep. 1
36.33
20.57
1.58
8.81
0.72
0.97

Rep. 1
38.47
21.49
1.64
11.26
0.67
1.17

Rep. 2
35.50
19.72
1.60
6.53
0.70
1.11
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Rep. 2
36.86
20.35
1.74
8.59
0.68
1.04

Rep. 2
36.79
20.92
1.64
11.65
0.73
1.19

3. Enzyme hydrolysis of SAA-treated solids ( 15 wt% NH4OH, 7.5 wt% NH4OH,
3.75 wt% NH4OH) using Accellerase ® 1500

Pretreatment
15 wt%
NH40H

Pretreatment
15 wt%
NH40H

Pretreatment
15 wt%
NH40H

Pretreatment
7.5 wt%
NH40H

Pretreatment
7.5 wt%
NH40H

Enzyme
loading
20 FPU/g
Biomass

Enzyme
loading
40 FPU/g
Biomass

Enzyme
loading
80 FPU/g
Biomass

Enzyme
loading
20 FPU/g
Biomass

Enzyme
loading
40 FPU/g

Time [h]

Glucose

Xylose

Arabinose

0

0.00

0.00

0.00

0.00

0.00

0.00

6
24
48
72

13.46
18.31
19.83
22.78

13.37
17.94
19.36
21.88

0.96
1.28
1.49
1.76

0.74
0.94
1.09
1.54

0.02
0.04
0.05
0.06

0.01
0.02
0.03
0.05

Time [h]

Glucose

Xylose

Arabinose

0

0.00

0.00

0.00

0.00

0.00

0.00

6
24
48
72

17.71
24.03
27.19
31.24

17.82
23.39
26.35
30.16

1.34
2.33
2.79
3.61

2.00
2.76
3.40
4.10

0.33
0.48
0.53
0.59

0.49
0.53
0.55
0.61

Time [h]

Glucose

Xylose

Arabinose

0

0.00

0.00

0.00

0.00

0.00

0.00

6
24
48
72

21.63
29.21
32.70
37.14

21.12
28.66
32.49
36.20

3.65
5.96
6.89
8.88

3.51
5.38
6.87
7.88

0.85
0.98
1.02
1.10

0.58
0.76
0.88
0.95

Time [h]

Glucose

Xylose

Arabinose

0

0

0

0

0

0

0

6
24
48
72

12.28
15.34
16.06
18.43

12.05
15.16
16.09
17.84

0.63
0.88
1.20
1.34

0.63
0.91
1.25
1.30

0.00
0.01
0.02
0.02

0.00
0.02
0.02
0.03

Time [h]
0

Glucose
0
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Xylose
0

0

Arabinose
0

0

0

6
24
48
72

Biomass

Pretreatment
7.5 wt%
NH40H

Enzyme
loading

Time [h]

80 FPU/g
Biomass

Pretreatment
3.75 wt%
NH40H

Enzyme
loading
20 FPU/g
Biomass

Pretreatment
3.75 wt%
NH40H

Enzyme
loading
40 FPU/g
Biomass

Pretreatment
3.75 wt%
NH40H

Enzyme
loading
80 FPU/g
Biomass

14.97
19.26
21.29
23.96

14.92
19.29
20.96
23.49

1.04
1.70
1.96
2.58

Glucose

1.22
1.92
2.23
2.07

Xylose

0.27
0.42
0.43
0.50

0.34
0.48
0.50
0.53

Arabinose

0

0

0

0

0

0.00

0.00

6
24
48
72

17.06
22.34
24.32
27.45

16.93
21.89
24.12
27.18

2.90
4.30
5.09
5.86

2.51
3.88
4.88
5.63

0.75
0.99
1.02
1.05

0.74
0.90
1.02
1.03

Time [h]
0
6
24
48
72

0
9.98
11.35
11.99
12.19

Time [h]
0
6
24
48
72

0
9.91
11.24
11.57
12.08

Glucose
0
11.80
13.63
14.22
15.54

Time [h]
0
6
24
48
72

Glucose

0
11.85
13.71
14.03
15.66

Glucose
0
13.58
16.15
16.32
18.41

0
14.05
16.68
16.95
18.94

Xylose
0
0.49
0.61
0.58
0.75

0
0.43
0.66
0.69
0.77

Xylose
0
1.10
1.43
1.62
1.94

0
1.07
1.39
1.57
1.93

Xylose
0
1.64
2.36
2.55
2.98

0
1.80
2.51
2.73
3.14

Arabinose
0
0.01
0.03
0.03
0.04

0
0.02
0.03
0.04
0.04

Arabinose
0
0.59
0.60
0.63
0.73

0
0.58
0.57
0.63
0.72

Arabinose
0
0.57
0.76
0.80
0.87

0
0.52
0.75
0.79
0.83

4. Mass balance before and after the enzyme hydrolysis

Pretreatment

Enzyme

Sample weight
(g, wwb)
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Sample weight
(g, dwb)

Sample weight
(g, dwb)

loading
(FPU/g
biomass)
15 wt % NH40H
15 wt % NH40H
15 wt % NH40H
7.5 wt % NH40H
7.5 wt % NH40H
7.5 wt % NH40H
3.75 wt % NH40H
3.75 wt % NH40H
3.75 wt % NH40H

20
40
80
20
40
80
20
40
80

Before Enzyme
hydrolysis
Rep. 1 Rep. 2
13.58 13.58
13.52 13.60
13.59 13.60
14.79 14.87
14.82 14.73
14.71 14.71
15.29 15.23
15.36 15.34
15.31 15.28
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Before Enzyme
hydrolysis
Rep. 1 Rep. 2
4.01
4.01
3.99
4.02
4.01
4.02
4.02
4.04
4.03
4.00
4.01
4.01
4.01
3.99
4.03
4.02
4.01
4.01

After Enzyme
hydrolysis
Rep. 1 Rep. 2
3.00
3.01
2.49
2.66
2.01
2.11
3.26
3.11
2.99
3.04
2.58
2.66
3.54
3.48
3.19
3.33
3.02
3.04

APPENDIX-G
Data: Pine wood chips
1. Mass balance before and after pretreatments (at 78 °C)
Water
Before (g)
After (g)
Rep. 1
Rep. 2
Rep. 1
Rep. 2
8.05
8.09
7.92
7.94
Alkaline hydrogen peroxide (AHP)
Before (g)
After (g)
Rep. 1
Rep. 2
Rep. 1
Rep. 2
8.09
8.04
6.01
6.41
Ethyl-hydro-oxides (EHOs)
Before (g)
After (g)
Rep. 1
Rep. 2
Rep. 1
Rep. 2
8.04
8.08
6.05
5.78
2. Chemical composition of pine wood chips

Glucan
Xylan
Arabinan
Galactan
Mannan
AIL
ASL
Ash
Extractive

Untreated
Rep. Rep.
1
2

AHP
Rep. Rep.
1
2

EHOs-60%
Rep. Rep.
1
2

47.1
7.07
0.82
1.34
12.7
30.5
0.52
0.51
0.71

45.49
3.99
0.34
0.31
10.14
18.16
0.40
0.51

45.35
3.65
0.25
0.35
9.00
14.46
0.47
0.47

45.65
7.95
0.72
2.21
12.1
28.23
0.54
0.43
0.9

45.53
3.27
0.39
0.34
9.42
14.97
0.42
0.38

44.60
2.89
0.31
0.25
8.88
14.98
0.42
0.39

3. Enzyme hydrolysis of AHP-treated and EHOs-treated pine wood chips
Pretreatment
EHOs

Time [h]
0

Cellulose-sugar Yield
Rep. 1 Rep. 2 Rep. 3
0
0
0
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Hemicellulose-sugar Yield
Rep. 1 Rep. 2 Rep. 3
0
0
0

24
48
72
Pretreatment
AHP

Time [h]
0
24
48
72

27.88
29.08
29.44

26.66
27.94
29.02

25.55
27.06
28.32

Cellulose-sugar Yield
Rep. 1 Rep. 2 Rep. 3
0
0
0
22.30
20.01
20.69
23.67
22.07
22.19
25.78
24.67
24.36

2.37
2.70
3.13

2.67
3.53
3.94

2.53
3.82
3.86

Hemicellulose-sugar Yield
Rep. 1 Rep. 2 Rep. 3
0
0
0
2.51
3.06
2.99
2.69
3.53
3.74
3.41
4.33
3.86

4. Mass balance after pretreatment (Response Surface for EHOs formulation)

Pretreatment Formulation
Temp Ethanol KOH H2O2
38
30
2.5
2.5
48
45
3.75 3.75
48
45
3.75 1.25
48
45
1.25 3.75
48
45
1.25 1.25
48
15
3.75 3.75
48
15
3.75 1.25
48
15
1.25 3.75
48
15
1.25 1.25
58
30
2.5
2.5
58
30
2.5
2.5
58
30
2.5
2.5
58
30
2.5
2.5
58
0
2.5
2.5
58
60
2.5
2.5
58
30
0
2.5
58
30
5
2.5
58
30
2.5
0
58
30
2.5
5
68
45
3.75 3.75
68
45
3.75 1.25
68
45
1.25 3.75
68
45
1.25 1.25
68
15
3.75 3.75
68
15
3.75 1.25

Mass balance
After Pretreatment (g)
Rep.1 Rep. 2 Rep. 3
6.82
6.94
6.92
6.64
6.61
6.55
6.59
6.62
6.64
6.87
6.92
6.9
6.93
6.95
6.93
6.47
6.51
6.51
6.46
6.47
6.49
6.92
6.94
6.92
7.05
6.93
6.97
6.43
6.41
6.45
6.47
6.48
6.44
6.48
6.41
6.38
6.43
6.45
6.38
6.36
6.52
6.55
6.47
6.47
6.4
7.25
7.31
7.32
6.24
6.21
6.14
6.7
6.73
6.73
6.51
6.5
6.54
5.96
6.2
5.87
5.91
5.85
5.9
6.8
6.86
6.9
6.81
6.75
6.87
6.02
5.89
6.07
5.78
5.96
5.85
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Moisture content (g)
Rep. 1 Rep. 2 Rep 3
20.74 18.73 19.50
17.58 17.30 15.38
18.09 17.55 17.50
18.56 17.71 17.56
17.32 17.39 18.86
16.07 17.39 15.96
17.91 15.23 15.39
19.41 21.98 18.72
18.43 18.18 21.14
16.48 15.32 15.91
19.68 17.49 18.15
19.71 17.30 17.98
19.55 17.41 17.98
14.78 15.13 16.15
16.32 14.62 14.52
18.56 18.48 19.22
14.34 14.44 13.64
17.34 15.96 18.36
14.53 16.97 17.84
15.54 18.20 16.90
14.37 14.58 14.91
18.69 18.08 18.84
18.73 20.21 18.82
16.81 15.44 16.19
15.11 15.87 17.32

68
68
78

15
15
30

1.25
1.25
2.5

3.75
1.25
2.5

6.89
6.9
6.09

6.9
6.87
6.01

6.88
6.86
6.09

18.62
21.15
16.19

18.55
22.11
14.95

18.99
19.82
16.23

5. Cellulose and hemicellulose content of different pretreatment formulation (Response
Surface for EHOs formulation)
Cellulose Content
Pretreatment Formulation
Rep.1
Rep. 2 Rep 3
Temp Ethanol KOH H2O2
47.5
47.8
38
30
2.5
2.5 48.9
47.8
50.0
48
45 3.75 3.75 49.9
46.9
49.1
48
45 3.75 1.25 48.5
45.6
46.3
46.2
48
45 1.25 3.75
45.2
46.4
48
45 1.25 1.25 46.7
47.0
48.3
48
15 3.75 3.75 48.3
47.1
49.8
48
15 3.75 1.25 48.2
44.5
45.5
46.9
48
15 1.25 3.75
44.7
44.4
48
15 1.25 1.25 45.4
58.1
57.5
58
30
2.5
2.5 58.0
56.8
57.6
58
30
2.5
2.5 57.2
57.1
58.3
54.8
58
30
2.5
2.5
56.8
58.6
58
30
2.5
2.5 58.0
54.6
55.6
58
0
2.5
2.5 55.3
57.5
57.0
58
60
2.5
2.5 56.9
50.4
49.4
51.1
58
30
0
2.5
59.0
56.9
58
30
5
2.5 58.3
53.7
55.5
58
30
2.5
0 55.2
55.1
51.9
58
30
2.5
5 56.5
60.9
56.0
59.9
68
45 3.75 3.75
62.8
61.7
68
45 3.75 1.25 62.4
52.2
54.3
68
45 1.25 3.75 53.7
52.6
53.6
68
45 1.25 1.25 52.2
61.7
59.7
58.5
68
15 3.75 3.75
61.7
61.8
68
15 3.75 1.25 63.7
51.5
51.8
68
15 1.25 3.75 51.0
50.6
50.8
68
15 1.25 1.25 52.1
55.7
55.2
57.2
78
30
2.5
2.5
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Hemicellulose Content
Rep. 1 Rep. 2 Rep. 3
20.9
22.0
21.2
24.0
24.0
25.5
22.7
23.0
25.2
24.5
24.2
26.0
24.5
23.1
25.1
24.2
23.6
25.7
22.8
23.9
26.2
23.3
24.2
26.2
23.9
26.2
25.6
24.3
24.2
22.1
23.7
22.3
23.3
20.7
24.5
19.8
23.3
23.1
22.4
22.9
22.0
22.3
21.6
22.8
25.7
20.3
19.1
18.6
17.6
18.3
17.5
18.1
19.0
17.5
17.9
18.0
19.1
16.7
16.9
16.7
20.7
21.5
18.6
21.8
24.3
24.4
21.5
20.3
20.8
17.5
16.6
21.3
20.0
20.3
16.4
20.5
20.9
25.8
25.5
25.2
24.2
23.1
21.6
22.3

6. Enzyme hydrolysis of different pretreatment formulation (Response Surface for EHOs
formulation)

Temp Ethanol KOH H2O2
38
30
2.5
2.5
48
45
3.75 3.75
48
45
3.75 1.25
48
45
1.25 3.75
48
45
1.25 1.25
48
15
3.75 3.75
48
15
3.75 1.25
48
15
1.25 3.75
48
15
1.25 1.25
58
30
2.5
2.5
58
30
2.5
2.5
58
30
2.5
2.5
58
30
2.5
2.5
58
0
2.5
2.5
58
60
2.5
2.5
58
30
0
2.5
58
30
5
2.5
58
30
2.5
0
58
30
2.5
5
68
45
3.75 3.75
68
45
3.75 1.25
68
45
1.25 3.75
68
45
1.25 1.25
68
15
3.75 3.75
68
15
3.75 1.25
68
15
1.25 3.75
68
15
1.25 1.25
78
30
2.5
2.5

CelluloseHemicellulosesugar Yield
sugar Yield
(g/l)
(g/l)
Rep.1 Rep.2 Rep. 1 Rep. 2
12.64 13.40 1.71
1.82
19.66 19.04 2.11
2.09
16.43 16.94 1.70
1.64
4.45
4.20
0.85
1.10
4.19
4.18
0.92
1.04
19.10 18.97 2.00
2.05
16.90 16.59 1.66
1.71
4.72
4.50
1.00
1.15
4.55
4.23
1.13
1.21
23.35 22.18 1.57
1.49
21.16 21.75 1.54
1.51
22.55 23.79 1.58
1.50
24.34 24.68 1.88
2.14
15.34 14.48 1.47
1.74
16.54 16.31 1.88
2.04
1.70
2.12
0.52
0.43
24.36 23.48 2.56
2.42
9.26
9.13
1.89
1.67
14.43 14.24 2.01
1.95
27.44 27.63 2.77
2.81
20.74 21.21 1.94
2.17
5.85
5.49
0.76
0.82
5.36
5.28
0.61
0.72
27.42 27.49 2.15
2.41
19.11 18.33 1.71
1.73
5.58
5.22
0.94
1.10
5.19
5.20
0.95
1.09
14.85 15.27 2.14
2.44
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